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Preface to ”Arid Land Systems”

Understanding deserts and drylands is essential, as arid landscapes cover >40% of the Earth

and are home to two billion people. Today’s problematic environment–human interaction needs

contemporary knowledge to address dryland complexity. Physical dimensions in arid zones—land

systems, climate and hazards, ecology—are linked with social processes that directly impact

drylands, such as land management, livelihoods, and development. The challenges require integrated

research that identifies systemic drivers across global arid regions. This book, based on a Special Issue

in the journal Land, unifies desert science, arid environments, and development. Chapters identify

land dynamics, address system risks and delineate human functions through original research in

dryland regions.

Measurement and monitoring, field investigation, remote sensing, and data analysis are effective

tools to investigate natural dynamics. Equally, inquiry into how policy and practice affect landscape

sustainability is key to mitigating detrimental activity in deserts. Relations between socio-economic

forces and degradation, ethnologies, agro-pastoral rangeland use, drought and disaster and resource

extraction reflect land interactions. Contemporary themes of development and transition, food

security, conflict and conservation are interlinked in arid environments. Through knowledge,

documentation and evaluation, the book links academic disciplines to convey the complexities and

possibilities existing across drylands.

The chapters draw together a great variety of global drylands. Research explores the Gobi

Desert and China, Central Asia and the Middle East, as well as multiple African dimensions and

Latin America. The aim is to understand the essential themes that arid and semi-arid regions

encounter and engage with today. This interdisciplinary study reflects the vital links between social

and environmental science in global deserts. Using mixed methodologies and varied techniques, the

original work stresses today’s topical themes to present novel analyses. The book offers much to

dryland researchers, stakeholders and importantly, policy makers, who shape the world’s vast desert

landscapes.

Troy Sternberg, Ariell Ahearn

Special Issue Editors
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Abstract: China’s $1 trillion One Belt, One Road (OBOR) infrastructure project has significant
landscape, socio-economic, and political implications in recipient countries. To date, investigation
has focused on Chinese motivation and plans rather than OBOR impact in host nations. This paper
examines the programme from the perspective of two Central Asian states—Kazakhstan and
Kyrgyzstan—that are at the heart of OBOR. We identify geographical factors that constrain
infrastructure, recognise geopolitical contestation between Russia and China, address historical and
cultural factors, and consider issues of institutional capacity and marginality that may be impediments
to China’s initiative. The discussion then focuses on how OBOR may play out in Central Asian
landscapes and suggests how to conceive and address the unprecedented transformation in the
region’s built environment. Critical issues are that OBOR has not been grounded in the physical
geography, practical understanding of OBOR’s impacts is missing, and the state-citizen-China nexus
remains unexplored. As pivot nations, OBOR implementation in Kazakhstan and Kyrgyzstan will
showcase the Chinese programme’s strengths and highlight its weaknesses.

Keywords: Central Asia; landscape; One Belt; One Road; Kazakhstan; Kyrgyzstan; infrastructure;
environment; New Silk Road

1. Introduction

The world’s first $1 trillion infrastructure project has captivated global attention for its boldness,
breadth, and transformative potential [1]. Presented as the New Silk Road, China’s reach across Asia
and beyond has no modern-day precedent. In May 2017, China‘s President Xi Jinping announced his
‘One Belt, One Road’ (OBOR) model to the world [2]. International attention has been focused on rail
journeys from China to London, roads and pipelines across Asia, and rapid development trajectories.
In China, the programme is presented as “a great undertaking that will benefit peoples around the
world” [3] (p. 93). This mega-investment and infrastructure programme will have significant impact
on the nations through which it traverses [4–6]. In the rush to construction, questions of sovereignty,
cost, and obligations are yet to be resolved in recipient countries. Here we examine how building a
silk road supernova resonates in two neighbouring nations at its Central Asian heart: Kazakhstan and
Kyrgyzstan. Located on China’s western border, they are pivot countries: how these states act and
react will determine if the road paves a golden future or crumbles into a dusty dream.

OBOR is also known as Belt and Road Initiative (BRI), the Silk Road Economic Belt (SREB), and
colloquially as the New Silk Road; use of OBOR in this paper reflects the most common and best-known
acronym. A component programme is the Maritime Silk Road Initiative (MSRI) that expands China’s
interaction and investment throughout Southeast Asia, the Indian Ocean, and Arabian Sea through the
Mediterranean to Europe [7]. In tandem, the land bridge and sea route comprise a grand vision of One
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Belt, One Road that encompasses multiple economic and political aims across dozens of countries [8].
Narratives in the expanding literature on OBOR consider Chinese motivations, strategic implications,
economic integration, and geopolitical forces [5,6,9,10]. Recent scholarship is starting to conceptualise
the programme through a range of theoretical lenses, yet has limited detail or regional and national
specificity [7]. Parsing meaning at state and sub-national levels in recipient countries has yet to feature;
nor do narratives engage with the role that physical environments through which OBOR travels
will have. This paper examines the overland Belt and Road Initiative from the perspective of two
Central Asian ‘frontier states’ (from China’s viewpoint) and differentiates Kazakh and Kyrgyz roles
and abilities to shape or benefit from OBOR. Further, we identify geographical factors that constrain
infrastructure, recognise geopolitical contestation between Russia and China, address historical and
cultural factors, and consider issues of institutional capacity and marginality that may be impediments
to China’s OBOR.

Whilst the emergent discussion of OBOR presents a policy, economic, and international relations
perspective on the programme [5–7], the lack of engagement with landscapes for the world’s largest
infrastructure programme is striking. As OBOR aims to cross the Himalaya, Pamir, and Tien
Shan mountains, traverse the deserts and steppe of Central, South, and Southwest Asia, and pass
through active conflict zones (notably Afghanistan), overcoming geography, culture, and sparse
resources (think water or food) will be a major challenge and consume much time and resources.
Creating infrastructure involves residents, communities, governments, and physical embodiments
of the nation state; thus, how land and society interact with an expansive foreign hegemon is an
essential research focus. Integrating notions of land and geography, this paper evaluates how OBOR
may play out in Kazakhstan and Kyrgyzstan. We examine the limited body of literature on OBOR
that incorporates Central Asia (see [5,11–13]), tease out specific Kazakh and Kyrgyz motivations and
concerns within this assessment (see [14–16] and introduce an applied geography view to consider the
implications when ‘earth and infrastructure’ meet [17] (p. 2). The paper first contextualises OBOR in
Central Asia and then considers regional geo-politics and geo-economics. Next, the physical landscape
and infrastructure are examined and relevant social forces highlighted. The discussion then focuses
on how OBOR may play out in Central Asia and suggests how the paper’s original research idea can
address an unprecedented transformation in the region’s built environment.

2. Contextualising OBOR in Central Asia: Regional Histories, Geopolitics, and Geoeconomics

Chinese presentation of OBOR is as an idea or theme for engagement and development rather than
a firm plan or roadmap [6]. Whilst OBOR details are elusive to outsiders, from the Chinese perspective
it is ‘an abstract and metaphorical concept’ with the ancient silk road as a touchstone [18] (p. 2).
This obscures the realpolitik of the programme that is President Xi Jinping’s ‘one and only major foreign
policy initiative’ [6] (p. 4). Any major transnational infrastructure programme is laden with expectation
and liabilities; one country’s outreach and expansion is another’s incursion and obligation. Perhaps the
two sides find a shared space of differentiated but positive benefit for both; for that to happen requires
clarity of intent, roles, politics, and economic versus social benefits for giver and receiver at the
outset. Cooley [5] presents the New Silk Road as a contest between ‘traders’—development and
economic interests—versus ‘gamers’ that see geopolitical angles as primary. Sidaway and Woon [4]
(p. 4) assimilate this to suggest OBOR is a ‘geopolitical strategy, albeit dependent and anchored on
economic rationale’. China’s intentional ambiguity [9] feeds a ‘net gain’ approach as opposed to a
more benign regional development and soft power effort [19]. Other interpretations of the motivations
underpinning OBOR abound (Table 1), from it being a project to absorb excess Chinese labour and
capacity to the internationalisation of the yuan [19,20]. Whatever socio-political paradigm is intended
or dominates, the impact will be most directly felt in its immediate neighbours that control the gateway
to the west—Kazakhstan and Kyrgyzstan.

Central Asia is the historic core of silk roads through time [21–25]. It is here that Alexander
the Great died in his quest for empire; where Marco Polo searched for silk routes to Venice, and
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Britain and Russia contested the Great Game that contributed to regional isolation [26]. Past silk roads
between China and empires to the west presented Central Asia as ‘mere transit stations’ along the
route [27] (p. 433). A century ago a British geographer and politician [28] identified Central Asia as
the geographical ‘pivot’ of history, which all great land empires must control. This enduring saga is
germane today, for this is where geography framed the past and economics aims to determine the
future [29]. The Dzungarian Gate on the China-Kazakh border and the Torugart pass from Kashgar
to Naryn, Kyrgyzstan are two of the few openings in the Tien Shan and Pamir mountains that allow
past and present trade caravans to flourish (see Figure 1). Before China can access European markets
overland, before goods can flow to West Asia and the Mediterranean and resources return to China,
Kazakhstan and Kyrgyzstan must be crossed.

Table 1. Motivating factors for One Belt, One Road.

Reason Citation

Internationalisation of the Yuan Chatham House (2017) [20]
Infrastructure development in Asia Lim 2016 [6]

Consume overproduction, overcapacity, excess products Lim 2016 [6]
Reduce unskilled unemployment in China Tang 2015 [30]

Improve regional transport links Lain and Pantucci 2015 [29]
Gain access to natural resources, oil, gas Tang 2015 [30]

Increase Chinese soft power and good will Sidaway and Woon 2017 [4]
Foreign policy initiative Lim 2016 [6]

Sino-centric unipolar Asia Malik in Sulekha 2017 [31]
Road to empire Financial Times 2015 [32]

Benefits of development and prosperity Sidaway & Woon 2017 [4]
Enhance Chinese social stability and security Rolland 2017 [3]

Central Asia as “key areas” for China’s national energy security Rolland 2017 [3]
Integrate Eurasian continent by 2050 Rolland 2017 [3]

 

Figure 1. Map of Central Asia with geographical features (mountains, desert, steppe) and existing
major infrastructure (pipelines, railroads).

Based on their histories, politics and socio-cultural contexts, Central Asian states have their own
distinctive interpretations of what a New Silk Road means [7]. Location makes Kazakhstan and
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Kyrgyzstan the two key Central Asian players, though the countries have vastly divergent interests
and needs. Kazakhstan presents an autocratic, rentier state that has extensive trade links and higher
per capita income than China ($12,436 vs. $7616) [11,33]. Driven by energy resources and pipelines to
western China, Kazakhstan can self-fund and self-direct infrastructure and development if desired;
its energy hub is centred in the Caspian basin and is thus closer to Europe than China. Kyrgyzstan,
with its struggling democracy, low living standard ($1267 GDP per capita) and mountainous terrain
has limited economic resources; already 50% of its national debt is owed to China. Both nations fear
Chinese stealth encroachment through OBOR, with hints at new ‘fangs of imperialism’ [31] (p. 1).
At the same time, both states are members of the Russia-driven Eurasian Economic Commission (EEU)
that cedes significant trade rights and favours political deference to Russia. This drives a bifurcation
between two spheres, as economics and development is dominated by China [13], yet must exist within
Russian military, social, and political hegemony. In fact, the term ‘New Silk Road’ first appeared in 2011
as a US State Department initiative for ‘new North-South transit and trade routes that complement
vibrant East-West connections across Eurasia’ ([34] (p. 1); [35]). The American initiative built on past
Soviet economic flows through Central Asia. Announced by the US State Department as part of its
exit strategy from Afghanistan, its aim was to re-integrate the country into traditional trading routes.
Though conceptual frameworks have varied, the initiative’s key points appear to presage and to have
become core elements of China’s nearly identical 2015 OBOR outline (Table 2) [9].

Table 2. New Silk Road Initiatives.

2011 US-New Silk Road Initiative 2015 China-New Silk Road *

1 Regional energy markets 1 Connectivity-infrastructure, logistics
2 Trade and Transport energy, communication
3 Customs and border operations 2 Trade and customs
4 Businesses and people-to-people 3 Financial integration

4 People to people bond
5 Policy coordination

* Document officially titled Visions and Actions on Jointly Building Silk Road Economic Belt and twenty-first
century Maritime Silk Road [36].

With such a major infrastructure programme come a suite of ancillary factors that are influenced
by domestic circumstances in host nations. These include indirect OBOR implications from reshaping
border zones (e.g., Khorgos Special Economic Zone, Kazakhstan), state capacity to direct, absorb,
and monitor projects, and manifestations of marginality (social, economic, ecological, political) to
ethnic contestation, (dis)integration along transport routes, and engagement and benefit from OBOR
at community levels [14,37]. The uncertainty and potential direction of OBOR implementation is
reflected in the $46 billion Chinese-Pakistan Economic Corridor (CPEC) where the programme is
most advanced [3]. The infrastructure crosses the Himalayas to Gwadar port on the Indian Ocean
and involves tens of thousands of Chinese workers. Less direct are the routing of the pipeline and
transport links within Pakistan, interaction with local populations, ethnic unrest, implications for
fragile state institutions, and perceptions of benefit or exclusion. Issues of security and surveillance,
rights of residents, water and environmental degradation, and wielding of de facto supra-state power
raise questions about levers of control and for who’s benefit is OBOR designed [38]. Resultant political
infighting, grasping for infrastructure, volta face in nationalistic policy, and weak monitoring
institutions point to the disruption major external infrastructure projects can have. Similar complexities
can be expected as OBOR expands into Central Asia.

With an $8 trillion Asian infrastructure deficit, China’s ‘most significant and far reaching
project . . . ever’ expects to find receptive hosts in need of what may be on offer [5] (p. 11). Yet in
traversing a region, economic and political forces become entwined with realpolitik. The five
post-Soviet Central Asian states are caught in a bind: they must reconcile Russia’s historic role
with China’s expanding economic dominance [35]. Participation in OBOR may not be centred on
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local interest and consent as much as acceptance of projects sanctioned by the regional hegemons.
Thus, Russia will favour train lines through Kazakhstan that bring it goods and tariffs over tracks to
the Caspian Sea that benefit China or Europe instead [12]. With funding directed by China, benefits
will accrue through opening new markets for goods, procuring resources, and increasing access and
engagement in previously underserved areas. Presented as an economic corridor, an OBOR of pipelines,
bridges, roads, etc. is imagined for Central Asia to enhance security and energy cooperation [4].
The concurrent launch of the Asian Infrastructure Investment Bank (AIIB) provides both a funding
source and implied international backing for large scale building projects.

Whilst OBOR, BRI, and the New Silk Road are all about China [39], frontier states are not a
vacuum waiting to be filled or controlled [7]. A large part of any regional infrastructure programme
goes through former Soviet territory that remains Russia’s near-abroad today. This geopolitical
background has created a convoluted ménage a trois between China, Russia, and comparatively weak
Central Asian states [35]. Russia combines its roles as former (and aspiring) political overlord, military
guarantor of (or perhaps threat to) sovereignty, trade partner through the Eurasian Economic Union
(EEU), and cultural (particularly language, alphabet (Cyrillic vs. Latin) and media) touchstone
with its former republics [10,40]. Though there are existing tripartite relations through the ongoing
Shanghai Cooperation Organisation security alliance, the supercedent EEU dominates structural
interaction between Russia and Central Asian states without China’s participation [41]. Separate from
Russian-Chinese relations, the EEU sets out a protocol that Kyrgyzstan and Kazakhstan follow for
multi-faceted relations with trade benefits and restrictions within which China-Central Asian relations
must be balanced. Thus, the two states are situated between two superpowers with different agendas.
This is most notable in economics, where Central Asian trade with China increased from $1 billion
in 2002 to $45 billion in 2014 [42]. The political and economic divergence leaves these states facing
two masters with different remits and agendas, and potentially conflicting rather than co-existing
interests. Russian self-interest will favour infrastructure that will be beneficial through trade, resources,
and transit fees [12]. Reflecting this dichotomy, both countries export more to Russia than China, yet
China is the largest source of imports. The unequal stature of the two key states finds that >80% of
China’s regional trade is with Kazakhstan; benefits will thus accrue to Kazakhstan with limited support
for disadvantaged Kyrgyzstan. Further, ethnic clashes have soured relations between Kyrgyzstan
and Uzbekistan [43,44] with implications for China’s envisioned shared projects (pipelines, railroads)
through the Fergana Valley and onward to Afghanistan, Iran, and West Asia.

China has been instrumental in Kyrgyzstan’s meagre development efforts whilst Russia maintains
a military base. Vast amounts of new infrastructure is needed to replace aging and obsolete Soviet
power plants, roads, bridges, dams, and hydro-electric power in Kyrgyzstan [45]. Yet the value of
infrastructure-build for China in the country is not clear. Kyrgyzstan is central to the key planned
rail route from Kashgar through Naryn and on to Uzbekistan [46], though currently China finds
faster access traversing through Kazakhstan to Xinjiang Province. Such structural issues may limit
and prescribe benefits to Kyrgyzstan. An unmentioned part of transport development in Kyrgyzstan
is that its most valuable transit commodity is not minerals or oil but drugs. The state is on the
main heroin route from Afghanistan to Europe through Kazakhstan and Russia where 25% of the
supply is transported [47]. Any expansion of roads without concomitant increased drug interdiction
will potentially facilitate criminal activity and trafficking, including to China’s eastern heartland.
Infrastructure also represents possible links between ethnic groups separated by borders, facilitates
transnational networks, and represents pathways for migrants. For example, China claimed Uighur
separatists were responsible for the 30 August 2016 car bomb attack on the Chinese Embassy in Bishkek,
Kyrgyzstan [48].

In sum, OBOR is a project writ large with myriad intentions and possible implications. At the
macro-scale, it is a presentation of China to the world in the 21st century. A Chinese government
perspective stresses ‘development and prosperity’, that OBOR ‘is not a tool of geopolitics’ and
‘growing power and investments should not be seen as threatening’ [4] (p. 3). What is written on

5



Land 2017, 6, 55

OBOR is reflective of foreign perceptions of China’s global engagement; circumspect articles decipher
signals framed by external expectations and power relations vis-à-vis China. What is missing is the
transition in thought to what OBOR tentacles may look like and engender on the ground in receiving
nations. Existing narratives present OBOR as China’s coming out event; now an interpretation and
understanding of what this means for frontier states and host nations is imperative. As receivers of
action, investment, and infrastructure, states are exposed to direct (physical, economic) and ancillary
(social, environmental, political) benefits and costs.

Central Asia is largely overlooked in existing literature on OBOR, which has thus far largely
attended to Chinese narratives about the initiative ([4], the Maritime Silk Road component (e.g., [7]),
Chinese economic and political expansion in South East Asia [49], and the China-Pakistan Economic
Corridor [3]. Research by Central Asian scholars and specialists has begun to turn attention
to the potential impacts of OBOR in the region, focusing on narratives of state ideologies and
development [13,16,43], the inability of Central Asian states to exert sovereignty [15], marginal
borderlands [1,50], and expanding Chinese influence in the region [5,12]. These themes are
important for OBOR, as they address the capacity of Kyrgyzstan and Kazakhstan to engage and
absorb major infrastructure projects, and the existing literature suggests constraints and mixed
outcomes. For example, ref. [10] (p. 376) views the New Silk Road as a series of mobilities through
Central Asia that are corridors for ‘hydrocarbons . . . migrants . . . drugs . . . trade . . . and military’,
a process matched by borders, immobility, and competition. Meanwhile, Reeves [50] examines how
infrastructure brings hope as well as roads and questions territorial integrity. The varied discourses
highlighted in this scholarship stresses Central Asian limitations in institutional capacity [51],
environmental governance [52], and interaction with China [3] that are integral to a discussion on
OBOR. Though land degradation and water stress are documented in the region [53,54], connections
between landscape, infrastructure, and land use, critical to OBOR implementation, have not been
investigated. In the remainder of this paper we seek to sketch out what such a research agenda might
look like.

3. OBOR in Central Asia: Landscape, Infrastructure, and Socio-Political Dynamics

3.1. The Role of Landscape

Infrastructure does not exist in a vacuum; it is a very land-based, physical undertaking that
conforms to or manipulates an environment. The connection between ‘earth and infrastructure exhibits
a series of temporalities’ [17] (p. 2). Geography matters; altitude, temperature, climate, people, and
governance all affect infrastructure projects. Without context roads are ephemeral and unrealised
and if built may not be fit for purpose. As conceived, the New Silk Road transects landscapes to
connect places, transit goods, and peoples and spread interaction. OBOR implementation places
Central Asian geography at the crux of any Chinese westward endeavour (Figure 1); physical factors
contrive against expansion from China’s heartland within the Great Wall. The Tibetan Plateau and
Himalayas obstruct southwestern routes, concentrating CPEC’s efforts on the Karakoram Highway.
At 4693 m, the Khunjerab Pass makes a treacherous choke point for roads, pipelines, and railroads
making the long journey from Gwadar, Pakistan to Chinese territory. To the west, the Pamir and
Tien Shan mountains are no less daunting; Peak Somoni (aka Stalin or Communism Peak) at 7495 m,
Sina Peak (aka Lenin Peak) at 7134 m, and Kongur Tagh at 7649 m block physical access. To the north
are the 2800 km-long Tien Shans featuring Jengish Chokusu (aka Victory Peak) at 7439 m and Khan
Tengri (aka Lord of the Spirits) at 7010 m; they are breached by the Torugart Pass, at 3752 m, that
enables transit between Kashgar in Xinjiang and Naryn on the Kyrgyz high plateau (see Figure 1).

To the north, the Dzungarian Gate is the geographical and historical mountain pass between
China and Kazakhstan, described as the ‘one and only gateway in the mountain-wall which stretches
from Manchuria to Afghanistan’ [55,56] (p. 266). Through the gate flows oil and gas pipelines,
China Highway 312, the train to Europe, and Chinese workers to make OBOR come to life in the near
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abroad. Now on the Kazakh side Khorgos is being developed as a Special Economic Zone and logistics
hub for trade with China and set to be the primary OBOR portal within the decade [10].

Physical geography adds complexity to infrastructure, and may catalyse in unexpected events
and ‘provoke social and political crises that may not be contained’ [17] (p. 2). Land is but the
obvious barrier between two regions. With great mountains come severe cold, glacial landforms,
low precipitation, temperature extremes, high winds, and solid rock barriers that not only impede
and isolate the region but can thwart and crush infrastructure (Table 3). This is married to barren
desert landscapes, little water, and poor agricultural productivity [53]. Natural disasters are a further
threat to infrastructure, as Almaty, the largest city in the region (1.7 m inhabitants), is on a series of
fault lines radiating out from the Tien Shan Mountains. The city was destroyed in a 1911 earthquake
when shocks reached Kyrgyzstan; it is at high risk for another quake [57]. Central Asia’s ‘appalling
record of water management’ due to unsustainable use, dysfunctional systems, and poor cooperation
among states suggests that the potential economic benefits come with high environmental costs and
barriers [52] (p. 976).

Table 3. Physical factors in Central Asia.

Factor Kyrgyzstan Kazakhstan

Border with China, km 1063 1765
Elevation in metres, mean 2988 387
Temperature, annual mean 5 2.2
Precipitation, annual mean 375 275

Deserts, % 10 >80
Arable land, % 6.7 8.9

Agriculture, % of water 93 66
Population density, km2 27 6

Environmental management has become a contentious issue in Central Asia as former Soviet
comrades have become independent, and interdependent, nations where water is linked to energy
and security [54]. Concurrently, increasing land degradation, driven by unsustainable irrigation and
farming practices and overgrazing, directly impacts land and livestock productivity, incomes, and
rural livelihoods [58]. Soil and water erosion, salinization, pollutants, and poor land management
have contributed to >60% of Kazakhstan and Kyrgyzstan’s land identified as degraded and possibly
desertified [53]. Land and water systems are based on Soviet structures, are not designed for
transboundary cooperation, and are aggravated by historical legacies [58]. Existing land issues are
exacerbated by China’s interest in such resources, land-take for infrastructure, and increased bi-lateral
assistance [53,54]. The transboundary nature of water adds complexity—Kyrgyzstan is water-rich yet
infrastructure poor, Kazakhstan needs more water for agriculture, whilst China has plans to build
dams in these states to harness hydropower. Further, climate variability and hazard risk are reflected in
recent regional drought as harvest reduction, increased prices, and food insecurity reflect the fragility
of land systems in the area [59]. Opaqueness in Chinese procurement of resource rights in the region
points to contestation over land and water between current rural users and state-driven contracts.
Acknowledgement and integration of environmental limitations within OBOR construction objectives
is vital to minimise confrontation in this conflict-prone region [54].

3.2. The Politics of Infrastructure

The region’s physical geography and geopolitical history both have significant influence on the
existing and possible future infrastructure developments. Central Asia’s Soviet-era railway gauge
is 1.52 m whereas Chinese train track width is 1.435 m. Thus, no direct train transport can take
place; all train cars need to have the undercarriage physically changed to wide-gauge supporting
bogies (wheel framework). Customs processing into Central Asia is the least efficient and most
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time consuming in the world; goods take up to 79 days to clear the border [5]. This points to rent
seeking behaviour, inefficient government, and lack of interest or motivation to work effectively
with neighbours. In fact, if days/weeks/months are lost in customs the point of OBOR—increased
connectivity and time savings—are negated and goods will continue to go by sea. Assessment by
Cooley [5] identifies that Chinese officials expect 30% of investment to be lost to corruption in Central
Asia and 80% lost in Pakistan. This does not include the layers of guanxi (connections) that filter
through projects originating in China [19].

The list of infrastructure projects intended for Central Asia under OBOR is unclear; previous
investment has stressed pipelines, refineries, highways, and power plants (Tables 4 and 5). Any such
list has two component parts: what China wants to build, and what the countries want to have built.
The decision-making process is opaque, leaving the project drivers unidentified. Here, Kazakhstan and
Kyrgyzstan need to be differentiated; the former wants infrastructure that compliments exports and
energy integration with minimal disturbance to society [11]. The latter needs roads and railroads, better
energy supply, and jobs for its people (>one million Kyrgyz (16%) work in Russia) [60]. Both want
benefits with an invisible, or moderated, Chinese presence due to distrust of Chinese intentions and
perceived economic hegemony and land grabs by China [9]. Sinophobia pervades the region, perhaps
inflamed by pervasive Russian media [14,61]. Can these differences be reconciled? One drawback of
China’s current ‘all things to all people’ stage is that there is no blueprint or document stating China’s
aims, standards, code of conduct, and treatment of local interests and sensitivities. Without a minimum
framework trust remains low and arrangements are between states without community buy-in. In 2016,
protests forced autocratic Kazakhstan to withdraw a law allowing foreigners to lease land in what was
perceived as an imperial $1.9 billion Chinese grab for agricultural lands and an implied stranglehold
on food production [62].

Table 4. Chinese investments in Central Asia.

Country Project Cost-US $ Year Signed/Implemented

Kazakhstan Zhongfu Investment Group into oilseed processing $1.2 billion 2016
Kazakhstan MangistauMunaiGas (50%) $2.6 billion 2009
Kazakhstan Kazakh portion-Central Asia-China gas pipeline $6.7 billion 2009
Kazakhstan Ekibastuz GRES-2 Power Plant $400 billion 2016
Kazakhstan Kazakhstan-China Oil Pipeline $3 billion 2006
Kyrgyzstan Zhongda Oil Refinery $430 million 2013
Kyrgyzstan Kyrgyz portion-Turkmenistan-China gas pipeline $1.4 billion 2016
Kyrgyzstan North-South Highway $400 million 2013
Kyrgyzstan Thermal power plant $386 million 2014

Tang/FMSO [30]; see additional references

Table 5. Proposed One Belt, One Road (OBOR) investments.

Country Potential OBOR Investments Project

Kazakhstan China-Central Asian pipeline Natural gas
Kazakhstan Eurasian Land bridge Railway corridor
Kazakhstan China-Central Asia-West Asia corridor China to Iran rail link
Kazakhstan Khorgos-Aktau railway Caspian to China link
Kyrgyzstan China-Kyrgyzstan-Uzbekistan railway High-speed rail

Cooley [5] 2016

That such a turn of events happened in Kazakhstan bodes poorly for Chinese endeavours
in Kyrgyzstan, Central Asia’s most democratic-leaning state. Dissatisfaction with an ineffective
government, elections, voting on regional and ethnic lines, and enduring poverty contribute to Kyrgyz
discontent. State instability, intercommunal violence, a lack of jobs, and corruption continue to unsettle
the country [44]. Since 2005 this has led to a series of ‘Tulip Revolutions’ through to street protests in
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2017 [63]. Having borrowed heavily from China, 38% of its $3.7 billion external debt is to China’s ExIm
Bank alone [45]. For example, the $390 million Datka-Kemin north-south power line and $400 million
north-south road are part of the existing Chinese debt package [13], highlighting how decisions against
China’s wishes may become problematic. What Kyrgyzstan most wants—jobs—are the very thing
that Chinese infrastructure projects do not provide. Instead, Chinese labourers are brought in by the
(tens of) thousands, as Pakistan’s CPEC experience shows [38].

Discussions in Central Asia with civil society and academics stress the high awareness of OBOR
and equally the lack of clarity and uncertainty about intent, timeframe, and expected outcomes.
The local perspective focuses on what will be imposed without apparent consultation or meaning
for communities. In Kyrgyzstan, past examples and a perceived influx of Chinese create a negative
perception of what OBOR will mean domestically. Comments on a railway from Kashgar to Uzbekistan
drily note few Kyrgyz will be on the train, as it will not pass through Bishkek. These observations
reflect the work of Alff [14] (p. 440) on Kyrgyzstan as a Chinese ‘vassal state’. Transport and potential
subsequent development corridors are also viewed as aiding expansion of drug trafficking [10].
Kazakhstan is more favourable to OBOR, as the programme may increase exports and thus income.
Infrastructure will be far removed from the business capital of Almaty, yet the mooted possible
increased Chinese involvement in food production raises nationalistic concern. In both states the
programme is perceived as externally directed with minimal domestic interaction.

To set some context for how OBOR is and will be received on the ground in Central Asia, it
is important to note key socio-cultural dynamics in the region. Kyrgyz and Kazakhs are Turkic
nationalities with shared linguistic, religious, and cultural roots from across what was once called
Turkestan, a vast area stretching from the Tibetan Plateau and Himalayas to the Caspian Sea and Turkey.
Identity, kinship, spiritual practices, and lifestyles remain vastly different from that of the Han Chinese.
In the Soviet era, there was a massive influx of other ethnic groups into the region, including millions
of Russians and significant numbers of Ukrainian, German, and Korean immigrants. More than
3.5 million Russians remain in Kazakhstan and Kyrgyzstan, further differentiating the people and
orientation of the region from China. Today this contributes to separation and animosity between
local residents and incoming Chinese with fear of de facto economic appropriation expressed in major
cities [14,61]. Government to government relations are strong, but as 2016 protests of perceived Chinese
land-grabs in Kazakhstan demonstrated, these may not be attuned to local sentiments [62]. Thus, as
OBOR projects are initiated, citizen interest and acceptance needs to be considered and addressed.

This raises important subsidiary issues that come with mega-projects and investments.
Are institutions, capacity, and expertise in place for consensual development programmes?
Are adequate legal structures, customs unions, institutional oversight, and security measures set
up to handle new flows and volume of goods and people? In a traditionally autocratic region,
what role do citizens and communities have in recommending, shaping, and deciding on investments,
locating routes, demarcating impact zones, and monitoring social and environmental impacts and
liabilities? These currently unaddressed issues are key to OBOR’s success. Without citizen engagement,
economic relevance, and adequate planning, what happens once the concrete dries will remain an
unknown. China’s $430 million Zhongda oil refinery in northern Kyrgyzstan exemplifies how quickly
Chinese mega-projects can go awry. Only a fraction of the 850,000 ton annual capacity is being used,
as China failed to secure crude oil supply before building the facility. The investor has asked for
Russia’s assistance; Russia does not have interest in supplying raw materials to new Chinese players
in their near abroad [64]. Without better understanding of local context and rational business planning
development in Central Asia risks becoming at best a muddled story or infrastructure folly, and at worst
igniting regional tensions. Currently several major Chinese projects are scheduled for Central Asia
spanning roads, railroads, airports, power plants, and dams (Table 5). Like the Zhongda refinery, they
are grand investments that are presented with limited scrutiny and uncertain economic justification.
The in-country decision-making process is not transparent and whether projects are requested by or
aligned with local interests is not ascertained. In this way OBOR reads less a partnership of friends as
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cogs in a Chinese mega-development plan. Thus, how new works address and incorporate local needs
is obfuscated by fait-accompli announcements and state relations.

The presentation of OBOR in Central Asia provides little evidence of planning for environmental
impacts or engaging with residents. This may include project siting, adequate resources such as water
for both the project build and ongoing functioning, and land degradation and rehabilitation [52].
Roles for local communities, jobs, livelihood changes, and security are unstated. Further, ancillary
processes such as implications for culture, ethnicity, and migration are unaddressed. Sinophobia
in Central Asia is well known and inhibits rational assessment of infrastructure projects, a process
clouded by the lack of transparency and limited role for host communities [11,42]. The sentiment may
in part be a response to inflammatory Chinese government comments such as that Central Asia was
a “rich piece of cake given to today’s Chinese people by heaven” [3] (p. 118). As one local Kyrgyz
commented, ‘first they started sending their goods, then they started moving in, and finally they marry
our local women.” [30] (p. 18).

Self-perception and socio-economic factors colour trade and thus OBOR relations with China.
Autocratic Kazakhstan views itself as the Central Asian power and with a positive balance of trade
(>$38 billion annually) [33] is not dependent on China for physical development. This is reflected
in Kazakhstan’s trade surplus with China, a major buyer of the country’s energy resources [65].
Conversely, Kyrgyzstan has few alternate methods to fund major infrastructure. Whilst the
government encourages Chinese investment, citizens are not welcoming to China’s expanded presence.
As a struggling democracy, the Kyrgyz political class can in part attract voters by appearing to keep
China at an arm’s length. In the 2017 presidential elections, only a small number of candidates support
OBOR in their campaign rhetoric.

Soft power themes ask if benefit will be accomplished through trans-cultural interaction or by
receiving unreciprocated Chinese business and tourism. The term soft power implies a welcome,
an invitation to exchange people, goods, ideas, and opportunity. Is this in the nature of a road or
a pipeline? Or are the Chinese asking citizens to focus on second and third generation benefits
delayed through oil contracts, debt payments, and rentier bureaucracies? The real possibility exists
that China starts below zero on a soft power scale in Central Asia. Pantucci [61] identifies Sinophobia
as the biggest regional problem that China faces with its Silk Road Economic Belt policy in Central
Asia. This is nowhere in Silk Road plans and agendas. Without an OBOR charter of local principles
or explanation of the Kazakh or Kygyz rights and responsibilities in a way that can be monitored
and transform behaviour, residents have little justification to expect transparency or the prospect of
participation in unfolding OBOR stories.

To reconcile the potential value of OBOR with its possible adverse consequences will take active
acknowledgement of challenges and the engagement of principal players. Greater transparency in
decision-making, clarity in project ownership and control, channels for local input and consultation,
and a collaborative approach amongst diverse stakeholders is essential. The process would start
with Chinese willingness to develop a Code of Conduct stating project rights and remedies—with
governments informing citizens about OBOR plans and expectations and explanation of how
communities are involved, geography accommodated, and monitoring enabled. Two mega-projects
suggest ways forward: China National Petroleum Corp mentions Corporate Social Responsibility
efforts in its report on Kazakhstan, suggesting nascent community awareness and a way to improved
relations. The Kumtor Gold Mine in Kyrgyzstan (owned by Centerra of Canada) is embroiled in
long-running disputes with the government over royalties and alleged environment damage. This may,
in fact, be a positive process, as it reflects the impact of citizen protest in making infrastructure
development accountable. Yet the lack of constructive mechanisms to resolve contested issues infers a
tortuous development path awaits. Most OBOR interaction is stymied by perceived heavy-handed
infrastructure-as-expansion, fissures between states and citizens, weakness of host nations vis-a-vis
China, and an insensitive and overbearing Chinese agenda. Geographical challenges may have
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alternate routes, engineering solutions, or mitigation potential. As geo-political and social fractures
solidify, discord may become both intractable and OBOR’s major legacy.

4. Uncertainty, National Differences, Marginality, and Sino-Centrism

‘Advancing westward was “a historical necessity for the Chinese nation, and it is also our
destiny.” . . . Central Asia should thus be regarded “as territory to be recovered in our advance, not as
a border region”’ PLA General Liu Yazhou [3] (pp. 117–118).

A massive infrastructure programme, a major Chinese westward expansion, an offering of
altruistic friendship, an example of manifest destiny—evaluation of OBOR offers a tabula rasa for
Central Asia and the world. Interpretations abound yet facts are few on the ground. We stress four
themes in the Central Asian context: uncertainty is an OBOR hallmark, events and infrastructure
will play out differently in Kazakhstan and Kyrgyzstan, capacity and marginality will challenge
infrastructure development, and ultimately all roads lead back to China (see [4]). A core tenet
presented in the work of Barry [17] is that infrastructure is constructed on real geography through
living communities, rather than in presidential speeches and grand edicts, is critical in a region of
7000+ metre mountains, deserts, extreme climates, and different cultures. The ‘physical’ will meet the
‘theoretical’ in OBOR’s march westward. As Peyrouse and Raballand [35] (p. 413) state, ‘a route on a
map . . . does not create traffic and trade’.

Interrogation of the uncertain, muddled human dimensions will provide a more robust evaluation
of a New Silk Road in Central Asia. This proffers questions about institutional transformation
or subordination, external annexation or domestic-driven collaboration, and benefit defined at
the mega, national, or personal scale. Issues of livelihood enhancement and increased human
opportunity, environmental sustainability, community development, and economic improvement
are yet to be scrutinised and integrated into the grand rhetoric. The human element exposes its
darker side—marginalisation of citizens, lost or foregone opportunity and jobs, roads as pathways to
migration and trafficking, a diminution of rural prospects and populations, concentration of benefit in
urban hubs, and degradation of environmentally based lives as agriculture, pastoralism, and livestock
raising are isolated by infrastructure or overtaken by markets manifest in land grabs. Is organic growth
on offer or is this a coercive multi-state project lacking civic relevance or nation-bonding through
sacrifice of public space and engagement?

Within Central Asian dynamics Kazakhstan is well-placed to profit from OBOR as it is both
politically and economically close to Russia whilst a major oil exporter to China. Once over the Tien
Shan Mountains geography favours infrastructure across the flat steppe and established rail routes
link the three countries. Solid state finances offer Kazakhstan a buffer; it does not need OBOR for
development or domestic (e.g., voting) exigencies. In comparison, Kyrgyzstan is mountain-bound, on
the proposed train line to (unfriendly) Uzbekistan, without oil, and in need of what China may decide
to offer. This weak hand gives little leverage for the country and few alternate development sources.
Where Kazakhstan perceives itself as an equal in negotiation, Kyrgyzstan is an OBOR supplicant.

The idea of marginality runs through the rural territories that will host infrastructure.
Such contexts are on the fringe of political and economic loci of control that initiate projects, are
spatially isolated and often on the edge of borders, and are often further separated by poverty, social
group, and livelihood opportunity. High speed rail and pipelines designed to circumvent locals may
lack relevance and result in failed projects (such as the Zhonga refinery) or, opposite to development,
promote further disintegration within fraying social-political contexts. Whilst citizens in Kazakhstan
or Kyrgyzstan cannot derail OBOR, they can, and have, changed regimes in Kyrgyzstan and may
again protest against the aging autocracy in Kazakhstan. If infrastructure becomes corridors without
context, alters or degrades an environment, or segregates development trajectories the ‘soft power’
path will be missed whilst inequality, Sinophobia, and dispossession remain. As Diener [10] (p. 380)
states, ‘roads may separate as much as they connect’. The tantalising rewards of OBOR will come with
a foundation that engages with national and local discourses. In coming years more can be done by
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OBOR proponents to identify standards and procedures that encourage domestic participation and
acceptance rather than an external, top-down imposition of Chinese will on frontier states. This raises
the spectre of nations’ abilities to digest OBOR against a host of domestic factors from stability, ethnicity,
and marginality to control and external influence.

Finally, procedures, announcements, efforts at persuasion, and maps show OBOR as a
China-directed, optimistic, multi-faceted expansion effort (see Table 1). It is thus self-reflective—how
can infrastructure benefit China and Chinese in state, business, employment, and citizen
realms—reflected in General Liu’s presumption of ‘destiny’. Whilst the effort shows China going out
into the world, in truth all roads lead back to China [39]. This is where benefit will be determined,
success claimed, and new markets or resources conquered. Central Asia is the first stop on the parade.
With small populations, malleable governments, and an inability to create and drive mega-projects,
Kazakhstan and Kyrgyzstan are prime candidates to accommodate China’s largess and attention.
Success by flexible and undefined measures belongs to China. Failure of physical structure, economic
profit, or citizen disapproval (even damage) will rest with the Central Asians. This is where grand
integration meets with uncontrolled forces. These could be in the form of climate, earthquakes,
droughts, famine, terrorism, conflict, or revolution—all have happened in Central Asia. Any of
these can change Chinese hubris into humbleness as the New Silk Roads careen their way through
Central Asia.

5. Conclusions

Tracking OBOR into Central Asia frames the possibilities and challenges the programme
encounters in Kazakhstan and Kyrgyzstan. Historical, cultural, and economic factors separate the
nations from China whilst development differentiates the two states. Borders and geography constrain
infrastructure, superpower geopolitics impede state autonomy, corridors favour Chinese interests
(resources, business) over local agendas, whilst OBOR objectives and outcomes in the region remain
opaque [31]. Grounding the narrative identifies Central Asian characteristics that will ameliorate or
mitigate the grand intentions of the New Silk Road.

Within OBOR several competing strands present themselves. Foremost are considerations
regarding what is built and for whom. The implications of pipelines, roads, airports, etc. are tangible
manifestations of Chinese prowess, development, and interstate collaboration. Secondary physical
expressions—changes in water, land, and environment—are also part of OBOR. Less concrete but
equally OBOR related are the suite of social, institutional, economic, and governance benefits and
disruptions, with values assigned by perspective. To China, building infrastructure is a clear public
good, a mantra often repeated in the Tibet and Xinjiang contexts. To Kazakhstan, infrastructure
enabling trade and economic gain is positive; in Kyrgyzstan, any new construction is a boon, filling key
gaps the state is unable to address. These macro-level representations extol the ‘development
and prosperity’ the literature promises. These are the voices and vistas that will be shared for
global consumption.

Given the scale, complexity, and inherent uncertainties regarding OBOR, identifying potential
mechanisms for addressing challenges faced in Central Asian states is difficult if not unachievable.
Based on our review of existing literature and analysis of geographical, social, and political contextual
factors, the following key issues for further discussion emerge.

The lack of transparency regarding planned or proposed OBOR projects needs to be rectified.
A first step would be ensuring that channels of communication are in place between Chinese
planners/developers and Central Asian governments and, crucially, local communities that will
be affected by the infrastructure developments.

Communication and coordination across China’s ‘frontier states’, including Pakistan, where OBOR
projects are more advanced (e.g., CPEC), can be facilitated and strengthened.

Clear OBOR objectives, standards, and rights should be established and expressed at local, state,
and transnational levels.
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Whilst current research considers manifestations of OBOR in Central Asia, this paper identifies
three critical research ideas for future investigation. First, OBOR has not been grounded in Central
Asia’s physical landscape. Understanding the infrastructure footprint can be done through fieldwork
and remote sensing to capture land area sacrificed and demands on water, and land use vis-a-vis
dependent communities; Second, improved knowledge of the practical implications of OBOR on
rural residents, livelihoods, and communities presents a gaping hole in current project understanding.
Third, the host state institutions-citizens-Chinese outreach nexus awaits exploration. In combination,
these significant research themes will offer insight, astuteness, and realistic knowledge about China’s
infrastructure expansion into Central Asia.
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Abstract: Since the early 20th century, “desert reclamation” has been synonymous with large-scale
waterworks and irrigation. These techniques have made it possible to produce abundant crops in arid
or semi-arid environments. The costs have often been externalized, with increased environmental
productivity in the new croplands counterbalanced by increased aridity elsewhere. In this paper
I consider whose interests are served by such projects, and what kinds of social constructions of the
natural and human environment make them possible. I focus on the Turkana basin, a watershed
spanning the Ethiopian and Kenyan borders, where large dams and irrigation projects are currently
being established with the goal of producing cash crops and hydro-electricity. In the narratives of the
projects’ proponents, the schemes are represented as part of a tradition of development stretching back
to the American West. In the discourse of critics, the Aral Sea of Central Asia is frequently invoked.
Considering Turkana in relation to these cases sheds light on the political and ecological gambits
involved in desert reclamation, and helps us to understand the costs and benefits of such projects.

Keywords: desert reclamation; desertification; river basin development; political ecology; water

1. Introduction

In the late 1970s and early 1980s, in the wake of the Sahel drought, the concept of desertification
gained wide currency. A key idea associated with desertification was that the practices of farmers
and herders in the world’s drylands were leading to rapid degradation of dryland ecosystems [1,2].
This narrative resonated with rising international concerns about the fragility of the natural
environment, but the empirical basis for it was shaky. As Swift observes, “dry years (especially
in the 1970s and early 1980s) were often compared with wet years (especially in the 1960s); this was
then interpreted as a secular decline in productivity, rather than as a variation in the response of the
natural vegetation or crops to soil moisture availability” [1] (p. 83). Nevertheless, the idea took hold,
and was boosted by the endorsement of the UN Conference on Desertification (UNCOD) in 1978.
The prescriptions for preventing desertification included large-scale afforestation and terracing projects,
resettlement schemes, and promotion of alternative livelihoods. Such projects, led by governments
and supported by international donors and non-government organizations, involved the mobilization
of virtual armies, and absorbed vast amounts of capital. The short-term impacts on soil conservation
were modest or even negative [3], and in some longitudinal studies of particular ‘at-risk’ landscapes,
forest cover was observed to increase despite rises in population density (e.g., [4,5]).

Why did the desertification concept come to be so widely accepted? One answer is that
the desertification narrative “met a need” and provided “a useful discourse” for powerful actors
including governments, international agencies, and non-governmental organizations [1] (p. 84).
Hoben characterized this discourse as a neo-Malthusian narrative of Africa as a “spoiled Eden”,
burdened by overpopulation, and in breach of carrying capacity—a situation remediable only through
“massive investments in environmental reclamation” [6] (p. 11). The narrative appealed to influential
groups who saw in it a way of extending their own power (cf. [7]).
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Inspired by the literature on desertification, in this paper I take a critical perspective on the
phenomenon of ‘desert reclamation’, and investigate whose needs are served by this idea. In some
ways desert reclamation is a mirror image of desertification: it represents a conviction that land
degradation is not an inevitable process, but can be reversed through the application of proven
techniques of resource management. In other ways, it closely resembles the desertification narrative.
Just as desertification was used as a justification for large-scale projects that often had negative
impacts for the livelihoods of rural people, so desert reclamation has led to manifestly inequitable
outcomes. Since the early 20th century ‘reclamation’ has been synonymous with a particular set of
techniques involving large-scale waterworks and irrigation. These techniques have made it possible
to produce abundant crops in arid or semi-arid environments. But the costs of this model have often
been ‘externalized’, in the economist’s terms, with increased environmental productivity in the new
croplands counterbalanced by increased aridity elsewhere. Given that the areas targeted for such
schemes have usually been previously inhabited and worked by smallholder farmers or herders,
their effects have also been to produce increased hunger and food insecurity.

I focus on the Omo-Turkana basin, a watershed spanning the Ethiopian and Kenyan borders,
where large dams and irrigation projects are currently being established, with the goal of producing
cash crops and hydro-electricity. Controversy clings to this project, and a highly polarized debate has
emerged between proponents and critics. In the narratives of the projects’ proponents, the schemes
are represented as part of a tradition of economic development stretching back to the American
West—large-scale interventions, such as the Hoover Dam, which are seen as yielding large benefits for
national progress [8]. In the discourses of critics, on the other hand, the Aral Sea of Central Asia is
frequently invoked as a reference point, and the inequitable distribution of costs and benefits between
‘national’ and local parties is emphasized (e.g., [9,10]). Despite the frequency with which these two
comparison cases are mentioned, the similarities and differences between the Omo-Turkana situation
and the American and Central Asian experiences have rarely received close attention. In what follows
I consider the Omo-Turkana case in light of these two comparison cases, and ask what each suggests
about the calculus of social and environmental planning around river basin engineering schemes.
In particular, I consider the historical contexts in which these three interventions took place, and the
narratives that accompanied them (see Table 1).

Table 1. Characteristics of the river basin case studies.

River Basin Location * Time Period Area Irrigated (ha) † Principal Crops Reference

Colorado USA-Mexico 1902-present 2.4 m alfalfa, wheat [11]
Aral Sea Central Asia 1954-present 7.5 m cotton [12]
Turkana Ethiopia-Kenya 2005-present 175 k sugar [13]

* The Aral Sea basin includes parts of Uzbekistan, Kazakhstan, Tajikistan, Kyrgyzstan, Afghanistan, and Turkmenistan.
† Data are for circa 2000–2010 for the Colorado and circa 1988 for the Aral Sea basin. Data for the Turkana basin
is the projection of the government of Ethiopia (Kuraz Sugar Development Project) (cf. [10]). In the lower Omo
as of February 2016, sugar had been planted on approx. 11 kha, and an additional 13 kha had been cleared [13].
(Units: mha = million hectares; kha = thousand hectares.).

One consideration that guides me in comparing these cases is the social construction of the natural
environment that is implied in the planning process. Relevant questions include: Who is making
claims to land and water? And whose prior claims are affected, or placed in jeopardy? One of the
similarities that emerges from these comparisons is the location of significant hydrological engineering
schemes on the borders or peripheries of states. The downstream impacts can be more easily ignored
or written off if they occur ‘over the border’, beyond the planners’ purview. The second consideration
concerns historical and spatial scale. The degree to which ecosystems are improved or degraded by
irrigation schemes can look very different depending on whether the question is considered on a small
or large geographical scale, and over a short or long time horizon. At the time of writing, the Turkana
basin schemes remain relatively small, and the major irrigation ventures there date back less than

18



Land 2018, 7, 16

a decade. One of the advantages of comparison is to provide a longer timescale over which to consider
the social and ecological processes involved.

2. Dams and Development

The scale and scope of dam-building and irrigation schemes in the 20th century is difficult
to overstate. Between 1950 and 2000, on average, two large dams were built per day, with the
number of large dams worldwide reaching approximately 45,000 by the end of the century [14,15].
Irrigation systems associated with large dams were first built by British colonists in Egypt in the late
19th century [16] and in the Sudan in the early 20th century [17]. In the wake of the Tennessee Valley
Authority project, river-basin-wide systems of dams became a template for export after the Second
World War, promoted by the Bretton Woods institutions and by European and American engineers and
development advisors [18,19]. Post-independence governments in Africa, such as the administration
of Kwame Nkrumah in Ghana, promoted dams as a centrepiece of national economic strategy [20].
In Ethiopia after the restitution of Haile Selassie by British forces, the government promoted a similar
model, with the first river basin engineering scheme launched in the Awash Valley in the 1960s [21,22].

From the vantage point of the early 21st century, scholars can appraise the costs and benefits of this
hydro-irrigation explosion. At a global level, there have been major benefits: an estimated 15% of food
supply comes from land irrigated from large dams, and 19% of electricity is generated by hydro-electric
turbines [14]. However, planners have systematically understated the financial costs of large dams,
which are, on average, almost twice as high as initially estimated [23]. When other kinds of losses are
taken into account, e.g., farmland inundated by reservoirs, and reduced productivity of riverine and
delta fisheries, the costs rise further. Social costs include the direct displacement of 40–80 m people [14],
with at least 450 m more people affected by changes in river flows and environmental conditions [24].
These changes, the effects of which may be felt over multiple generations, erode people’s sense of
control over their lives, and undermine their psychosocial well-being [25,26].

From a political ecology perspective, the social costs listed above might be counted as part
of the attraction of hydro-electricity and irrigation projects. At the same time as they present
an appearance of economic rationality and national advancement, mega-projects may function as
projects of social engineering that place vital resources at the disposal of elites [16,17]. By undermining
or sweeping away one socio-ecological order and replacing it with another, they present experts with
the opportunity to redesign landscapes and impose new kinds of discipline on people and places they
deem recalcitrant or unproductive. In the following section I introduce the landscape of the Turkana
basin, and explore the processes that led to the construction of dams and plantations in the region.

3. The Turkana Basin: Wetland, Dryland, or Desert?

The Turkana Basin includes a wide range of ecosystems, from highland forests in southwest
Ethiopia to drylands around Lake Turkana, the world’s largest permanent desert lake. In terms
of rainfall, the lower Omo (i.e., the area downstream of the River Mago) is semi-arid, with mean
annual rainfall in the region of 250–500 mm; Turkana County, Kenya, receives <250 mm/year. But the
geographical classification of this region must also take account of the river that runs through it,
which includes riverine swamps, thick forests in the delta region, and (until recently) one of the most
potentially productive fisheries on the continent [10]. In these terms, the Omo/Turkana region invites
comparison with Africa’s other great wetlands, including the Okavango and Zambezi [27].

The River Omo rises in Ethiopia’s south-west highlands, fed by the rains that wash over the
region each year, part of a great climate system that links the Indian Ocean and the Horn of Africa.
The countless streams charged by these rains feed major rivers that in turn feed into the Omo [28].
The largest of them, the Gibe, is itself a major river. In its watershed rose the kingdoms and states
of the Macha Oromo, which until the late 19th century constituted a political system independent of
Ethiopia [29]—part of an archipelago of cities and states that marked precolonial Africa. Swelled by
the Gibe, the Omo rolls through the territory of peoples speaking a dozen languages; in its lower
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course, the old river meanders and then fans out into a great inland delta before emptying into the salty
waters of Lake Turkana. The flood of the Omo is the ecological pulse of the entire region, each seasonal
inundation providing a cue to grow. For the aquatic life of the lake, it provides nutrients that prime
the reproductive systems of fish to spawn [30]. For the people of the river’s lower reaches—one of the
most culturally and linguistically diverse regions of Africa—the flood, along with the appearance of
the Pleiades in the night sky, marks the new year [31,32]. The flood is vital for their agro-pastoralist
livelihoods [33].

The lower Omo was formally incorporated in Ethiopia through military campaigns under Emperor
Menelik II in the late 19th century. After these campaigns, the southern marches, including the lower
Omo, were economically important for highland Ethiopia, exploited for ivory and slaves, but remained
politically peripheral to the Ethiopian state [34]. The principal impediment to settler colonialism was
the semi-arid climate, which made the land unsuitable for plough agriculture as practiced by the
highland Ethiopian colonists. The exceptions prove the rule: by the early 20th century, Maale and
Ari—pockets of highlands where rainfall was higher—were readily incorporated into the system of
tenant/serf farming and revenue extraction [35].

The first intensive farming operations in the lower Omo were attempted by North Korean
state conglomerates in the early 1990s, in the last years of the military socialist Derg regime.
Irrigation systems were installed to grow cotton, but a combination of unsuitable soils and salinity
build-up led the venture to be abandoned. Nonetheless investors remained interested in the idea of
plantation agriculture in the lower Omo, and soon after the takeover of power by the Ethiopian People’s
Revolutionary Democratic Front (EPRDF), plans to develop the Omo were drawn up. Woodroofe and
Associates, under the auspices of the Government of Ethiopia and with external support from the
African Development Bank, produced a ‘Master Plan’ for hydro-electricity generation and irrigated
agriculture on the Omo in 1996 [36]. The scale of the designs that the state pursued on the Omo in the
following years, however, was far greater than the Master Plan suggested.

The transformation of the basin began relatively modestly, with the construction of the Gilgel-Gibe
I dam in the upper catchment of the basin (completed in 2004) and the Gilgel-Gibe II hydropower plant
(completed in 2010). Gilgel-Gibe III (hereafter ‘Gibe III’) was a far greater undertaking. Two-hundred
and forty meters high, and with an installed capacity of approximately 1870 Megawatts, it would
more than double Ethiopia’s electricity-generating capacity. Italian engineering firm Salini (which had
previously built Gilgel-Gibe I and II) was handed the contract without open competition, and work
on the dam began in 2006, before any environmental or social impact assessments (ESIAs) had
been carried out. Unable to attain funding from other sources (the World Bank, the European
Development Bank, or the African Development Bank declined their requests), the Ethiopian
government eventually secured financing for the dam from the Chinese state. Although ESIAs
were subsequently commissioned [37], they overlooked some of the most important potential impacts
of the schemes, which would stem from the irrigation projects to be established in conjunction with the
dam. The largest of them, the Kuraz Sugar Development Project, was projected to cover 175,000 ha [13].

In 2015, when the sluice gates of the Gibe III were closed and the reservoir behind the dam began
to fill, conflicting predictions of the project’s implications were afloat. Proponents of the dam and
plantation schemes saw prosperity, urbanization: a desert reclaimed. Critics saw imminent ecological
disaster and heightened economic marginalization for the people of the lower Omo and Lake Turkana.
In the narratives of the project’s proponents, Gibe III and Kuraz were sometimes explicitly, sometimes
implicitly, placed as part of a tradition of economic development stretching back to the American
West—large-scale interventions yielding large benefits for national progress [8,38]. The abundant
waters of the lower catchment of the Omo, flowing south into Lake Turkana, were construed as
a hydro-agricultural resource that demanded to be developed for the good of the nation. The narrative
took the form: “This is how you (Europeans and Americans) got where you are. How dare you deny it
to us?” In the discourse of the critics, the resources invested in the building of mega-dams—estimated
at €1.5bn for Gibe III [39]—would have been better spent on small-scale development projects that
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provided immediate benefits to local people, and gave them a say in planning their futures [40].
Critics also pointed to the incalculable environmental and biocultural costs of replacing a diverse
landscape managed by indigenous stewards with commercial estates growing crops for export [41].
The narrative took the form: “Wherever this has been done, it has led to disaster.” A recurring reference
point was the Aral Sea (e.g., [9,10]).

In the following sections I review the cases of the Colorado and the Aral Sea and ask what each
suggests about the calculus of social and ecological planning involved in hydro-agricultural projects.
In the final part, I consider the shorter time series of evidence for ecological change in the Omo-Turkana
since 2015, and identify common themes that emerge from consideration of the three case studies.

4. The Colorado Basin

“We have in the Colorado [River] an American Nile awaiting regulation, and it should be
treated in as intelligent and vigorous a manner as the British government has treated its
great Egyptian prototype.”

Lippincott, 1912, cited by Worster [42] (p. 155)

Located in the American Southwest, and watered principally by snowmelt from the Rocky
Mountains, the Colorado River runs through seven U.S. states, traversing the Sonoran Desert and
northern Mexico, where the river historically terminated in a delta and emptied into the Gulf of
California. It was in this region that high dams attained global prominence, and the damming and
tapping of the Colorado is directly implicated in the rise of the economy of southern California
and massive demographic growth in the U.S. Southwest since the mid-20th century. In recent years,
with decreasing precipitation in the upper catchment, and increasing abstraction in the lower catchment
of the Colorado, barely a drop of the river’s water crosses the border to Mexico [43].

The story of the Colorado is crucial for understanding the history of desert reclamation—indeed,
the term “reclamation” had its origin here, in the 1902 Reclamation Act by which the U.S. federal
government mandated major works on the region’s rivers in the interest of agricultural
development and settlement of the West. This legislation, and the administrative apparatus that
it spawned—including the Bureau of Reclamation, which went on to design and construct dams and
irrigation systems across the region—was but one phase in a longer history of competition over natural
resources, a drama played out among Native Americans, Mexicans, and descendants of European
settlers, among others. In the reading of legal scholar Douglas J. Kenney, the “economic paradigm”
that governed the usage of the Colorado from the nineteenth century onwards privileged the initiatives
of European settlers over others, with Native Americans and Mexicans placed at the back of the
queue for water rights [44]. In the Colorado Compact of 1944, 10% of the total annual flow of the
Colorado (1.5 million acre feet, or approx. 2 km3) was allocated to Mexico, with the remaining 90%
shared equally between the U.S. states of the upper and lower basin [45]. Over the course of the 20th
century, large federal subsidies made possible the irrigation of millions of acres of land, supporting
beef and dairy cattle, alfalfa, wheat, and (on a smaller scale, but much more profitably) fruit, nuts,
and vegetables [11].

The development model devised by the Bureau of Reclamation involved the building of large
dams that would serve the dual purpose of generating electricity and facilitating irrigation, with the
high costs of dam building and irrigation works offset in part by electricity sales after the projects’
completion [42]. The promise of irrigated land made available to settlers at bargain prices was supposed
to lure white homesteaders from the more densely populated eastern states, and the Reclamation Act
made provisions for this scenario by limiting the size of plots in its initial offer to 160 acres, and by
instituting a requirement that owners should live on the land for at least five years [42]. In the event,
few settlers took up the offer—in large part because of the hardship of living in a newly irrigated
desert—while speculators acquired as much land as they could for resale. The largest beneficiaries
of these projects were those who already had substantial capital, including established landowners
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whose property increased in value as a result of irrigation. Large landowners in the vicinity of cities
such as Phoenix, Arizona, for example, benefitted from public funds spent on the Roosevelt Dam
(completed in 1911), which provided increased water for their private estates [42]. The region’s cities
benefitted too, with increased quantities of water and electricity supporting rapid urban growth [46].

For the elites who came to control the majority of the new irrigated lands, a major challenge
was obtaining enough workers to tend their estates. The solution they arrived at was to hire migrant
workers, a majority of them Mexicans [42]. Meanwhile, as water abstractions for the expanding estates
on the U.S. side of the border grew, the quality and quantity of water available for Mexico deteriorated.
By the 1960s, high salinity rendered the water flowing into Mexico practically useless for agriculture.
Mexican politicians complained that the U.S. government was in breach of the 1944 agreement [42,47].

While Mexico had been allocated 10% of the river, and found itself with water that was too salty
to use, the position of Native Americans in relation to the irrigation projects was more ambiguous.
For most of the twentieth century, de facto exclusion of Native Americans from the profits accruing
from industrial agriculture coexisted, albeit uneasily, with de jure rights of those living on reservations
to “the water resources needed to sustain [their] new tribal homelands.” As Kenney observes:

Translating this principle into actual water management in the Colorado River basin is
an ongoing process, subject to considerable debate . . . . Arizona, in particular, features
several tribes with Colorado River rights of great seniority, as these rights are defined
as originating with the dates of the Indian treaties . . . that typically took place
before widespread homesteading by Anglos [descendants of European settlers]. [ . . . ]
By some estimates, large reservations such as the Navajo reservation in north-eastern
Arizona—could conceivably by awarded the entire flow of the Colorado under this calculus.
Politically this outcome is unacceptable to the non-Indians that would be displaced, so the
‘solution’ has been to withhold from tribes the financial resources needed to develop water
projects until they agree to settlements that dramatically scale-back the size of their rights.

[44] (p. 132)

While Native Americans were effectively denied access to the benefits of the irrigation boom in
the USA, those with the most attractive land and the greatest access to capital increasingly came to
dominate, notably the agro-industrialists of Arizona and southern California [11,42]. Considering
the basin as a whole, however, the highest price was paid by Mexicans. The logical end result of
the economic paradigm—treating the river as a commodity—was to raise competition for water
among the basin partners; but rather than competing on a level playing field, those upstream held
a strong advantage. Since the 1960s, the Colorado River has rarely reached the sea. Its delta in Mexico
disappeared, as did the forests and fisheries it used to support, and the riverine farms of the indigenous
Cucapá people who lived there [15] (p. 29).

The drying-up of the Colorado delta roughly coincided with the emergence in the USA of
an alternative paradigm that meaningfully challenges the economic paradigm, and highlights the
human and environmental costs of river-basin development [44]. While communities seeking the
removal of existing dams and the restitution of landscapes to their former states face strong opposition,
some of these campaigns have paid off. The success stories include California’s Echo Park (site of
the first environmental preservation campaign in U.S. history) and Mono Lake [48]. As the region’s
ageing stock of dams is increasingly threatened by reservoir sedimentation, more dams are being
decommissioned than are being built in the USA [15] (p. lxi). Judging from the experience with the
Colorado, the timescale of a hydraulic civilization’s rise to maturity and possible decline would appear
to be roughly a century.

The experience of the Aral Sea, however, suggests it may be shorter still.
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5. The Aral Sea

The Aral Sea was in the early twentieth century the world’s fourth-largest inland water body.
Located on the borders of the Central Asian states of Kazakhstan and Uzbekistan, it was for most of
the 20th century part of the Soviet Union, with economic and political control exercised from Moscow.
Beginning in the late 1950s, large-scale irrigation works serving cotton estates led to major abstractions
from the principal rivers that fed the Aral Sea, the Amu Dar’ya and Syr Dar’ya, which have their
sources in the snow and glaciers of the Pamir and Tian Shan mountain ranges [49]. The construction
of major canals diverting water from these rivers, and concurrent increases in land area devoted
to cotton in the 1970s and 1980s led to the complete drying up of the Amu Dar’ya and occasional
drying up of the Syr Dar’ya. As a consequence of the reduced inflow, the depth and surface area
of the Aral Sea declined precipitously, and split into two or more bodies of water. Exposed areas of
former lake bed turned to salt pans; the maritime climate of the region turned dryer; biodiversity
plummeted. Endemic fish species, such as the Aral salmon, became extinct, and by the early 2000s
scientists surveying terrestrial biodiversity reported fewer than half of the species of mammals and
birds previously observed [50].

The negative impacts of the disappearance of the sea were felt most of all by the people who
had formerly lived along its shores, especially the Karakalpak fishers and herders of Uzbekistan.
Fisheries that once sustained one of the Soviet Union’s largest fish-processing factories were destroyed;
grazing lands dried out; and entire communities were marooned as navigation routes between coastal
towns and villages were lost. Initially Karakalpakstan shared in the wealth produced by the new
schemes, growing cotton, rice, wheat, and vegetables with irrigation infrastructure. But being situated
at the end of the line in terms of access to the irrigation system meant that the water they received
grew increasingly saline. Production peaked in the 1980s and has since been in decline, with increasing
volumes of water required to flush previously accumulated salt out of the soil [51].

Other effects were felt further afield. Windblown salt and dust from the desiccated lake bed had
negative effects on agriculture in a wide zone downwind of the basin. Impacts on human health (in
addition to those experienced via loss of employment in the fishery and transport sectors) included
respiratory infections exacerbated by windblown salts, as well as an increased incidence of cancers
and other conditions potentially related to exposure to the heavy metals and pesticides associated with
industrial farming operations [52].

Although the most critical phases of the Aral Sea disaster played out in the later years of the
Soviet Union, relations between Muscovite planners and the region can be traced to the conquest
of Central Asia by imperial Russia in the 19th century. Economically important first as a source
of furs, and later for its mineral wealth, the relationship between the eastern and western parts of
the empire was long characterized by extraction. In the vision of modernist planners, this frontier
region “was to be reclaimed from wilderness with the help of modern technology and railroads,
colonized and transformed from a cold and unwelcoming wasteland roamed by backward savages
into a populous and prosperous part of Russia itself” [53] (p. 282). The historical experience of the
Aral Sea region renders this civilizing narrative bitterly ironic, as—far from reclaiming the region from
“wilderness”—the very projects that were projected to bring wealth and civilization produced in their
turn a new and distinctive kind of desert.

6. Discussion: Omo and Lake Turkana Revisited

When any given large dam or irrigation project is launched, it is often claimed that it is too early
to say how productive or destructive the transformed landscape of the basin will be. The value of
historical comparison is that it helps us consider probable trajectories of change, and, in light of them,
to think anew about the possibilities for course correction or mitigation of harms. In the literature
on river basin development, two types of historical comparison are commonly made: country- or
region-specific comparisons (e.g., [22]); and global surveys that attempt to discern modal patterns in
terms of the contributions of large hydro-irrigation projects to development (e.g., [14,23,24]). In this
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article I have taken a different approach, focusing not on the experience of a single world area, nor on
global patterns, but on those comparison cases that recur most frequently in the rhetoric of proponents
and critics.

What can we glean from these two cases that is of relevance to Turkana? In both cases,
two narratives can be discerned: a heroic narrative of feats of engineering and a tragic narrative of
desiccation (the Colorado as “a river no more” [44]; the Aral Sea as a cartographic error). In the case of
the Colorado, it is the heroic story—accompanied by a myth of equitably shared benefits—that prevails;
in the case of the Aral Sea, it is the tragic one. But despite the rhetorical uses to which they have been
put, the experiences of the Colorado basin and the Aral Sea are in many ways similar. The similarities
include the conceptual importance of regional or international boundaries for externalizing ecological
costs, and the ethnic “othering” or simple erasure of the people whose lands and livelihoods were
affected by the rerouting or repurposing of rivers. The existence of political boundaries and gradients of
power facilitate what Steve Rayner calls “institutionalized forgetfulness” [54] (p. 110): they help to hold
at bay knowledge that would otherwise be problematic for the achievement of institutional objectives.

Since the Gibe III reservoir began filling in 2015, the shoreline at Ferguson’s Gulf, the most
productive fishery on the lake, has receded by 1.5 km [55]. Abstraction of increasing quantities of water
for irrigation upstream would cause the lake levels to drop further, potentially splitting into two or
more smaller lakes, like the Aral Sea [10]. Indeed, even if irrigation were suspended, fisheries biologists
predict that the regulation of the river by Gibe III will lower fish yields from Lake Turkana by more
than two-thirds, since the lake’s fish depend on the seasonal flood pulse (the nutrients and fresh water
that the Omo delivers) as a cue for breeding [30]. This is “uncomfortable knowledge,” in Rayner’s
terms, and those whose interests are served by the Gibe III dam and Omo plantations can be expected
to deny it [54]. So far, the Kenyan government has not forced its Ethiopian counterpart to acknowledge
the threats these developments pose for those whose livelihoods depend on the lake. Despite attempts
by the United Nations Environment Programme to broker an agreement between the governments,
the key problem of water-sharing remains unresolved [55–57].

And what of the people of the lower Omo valley? For centuries they have relied on a three-pillar
strategy to make a living in the semi-arid climate: combining herding, farming on rain-fed land,
and farming on land inundated by the annual rise of the river [58]. The river flood, since it carried
water from a large catchment in highland Ethiopia, dependably provided the water and silt needed for
farming. With the Gibe III dam, the flood has ended, and the people of the lower Omo are therefore
deprived of one crucial component of their livelihood. Some of the most valuable agricultural lands
have been annexed by the expanding sugar plantations, and the availability of vital fall-back resources,
in the form of game animals and wild foods, is severely constrained, as scrubland has been razed for
plantation development [59]. At the same time as thousands of new settlers and migrant labourers
converge on the plantations of the lower Omo, a food insecurity crisis looms for the region’s indigenous
people [60]. The safety net provided by the Ethiopian government in the form of a “villagization”
programme has been woefully inadequate [61]. To avert famine, there is a need for a comprehensive
and well-funded livelihood reconstruction programme [62].

In most scholarly work and media reports on this unfolding crisis, the voices and opinions of the
people of the lower Omo and Turkana have been conspicuously absent. Ironically, the most prominent
opponents of the Omo dam and irrigation schemes—advocacy groups such as International Rivers
and the Oakland Institute—are based not in Africa but in the western USA. But there is a logic in this.
The region of the world with the longest history of massive hydraulic engineering has given birth to
some of its most forceful critics. If there is one common denominator in the history of large dam and
irrigation schemes, it is the unfair distribution of costs and benefits. The people of the American West
have certainly not benefitted equally from the experiments carried out on the region’s rivers, any more
than the peoples of the Soviet Union or Central Asia benefitted equally from the sacrifice of the Aral
Sea. The critics’ refrain—“Wherever this has been tried, it has been a disaster”—might be amended:
Wherever this has been tried, it has benefitted some at the expense of others.
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Abstract: Asian dust events are massive meteorological phenomena during which dust particles from
Chinese and Mongolian deserts are blown into the atmosphere and carried by westerly winds across
Northeast Asia. Recently, there has been steady increase in both the frequency and the severity of
Asian atmospheric dust events. Concern has been expressed regarding the potential health hazards
in affected areas. The principal nature of the damage associated with Asian dust events differs
between the emission (sandstorm) and downwind (air pollution) regions. In the emission region,
the health impacts of dust storms are reflected in the high prevalence of respiratory diseases and severe
subjective symptoms. Extreme dust storm events may cause a disaster to happen. In downwind
regions such as Japan, analysis of Asian dust particles has shown the presence of ammonium ions,
sulfate ions, nitrate ions, and heavy metal compounds that are considered not to originate from
soil. Asian dust particles have been thought to adsorb anthropogenic atmospheric pollutants during
transport. Therefore, Asian dust events coincide with increases in daily hospital admissions and
clinical visits for allergic diseases such as asthma, allergic rhinitis, and conjunctivitis. Although the
effect of Asian dust on human health in each region is influenced by a variety of different mechanisms,
human activities are partly responsible for such negative effects in many situations. We therefore
need to address these environmental problems.

Keywords: Asian dust; human health; Mongolia; Japan

1. Introduction

Dust storms originate in many dryland areas. Estimates of the relative magnitudes of dust
emissions in different parts of the world indicate the Sahara contributes >50% of the global total,
followed by China and Central Asia (about 20%) [1]. Dust events often affect human life and health
not only in the originating drylands but also in downwind regions. Although the Sahara is the most
important source of dust globally, approximately 60% of windblown Saharan dust moves southward
toward the Gulf of Guinea across areas where few people live [2]. Asian dust events involve the
long-range transport of atmospheric particulate matter originating from dryland areas, which is
carried by westerly winds across Northeast Asia (Figure 1). Such events can affect large numbers of
people because East Asia is the one of the most densely populated areas of the world. According to
Kurosaki and Mikami [3], both the frequency and the severity of Asian atmospheric dust events have
been increasing, raising concern regarding consequent health hazards in affected areas. The principal
nature of the effects of Asian dust events on human health differs between the emission and downwind
regions [1]. Here, we describe the health effects in each of these regions.
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Figure 1. Typical Asian dust event. MODIS: Moderate Resolution Imaging Spectroradiometer true-color
images with surface weather conditions on 8 April 2006 (NASA: National Aeronautics and Space
Administration/GSFC: Goddard Space Flight Center, Rapid Response).

2. Impacts of Asian Dust on Health in Emission Regions

In Mongolia, during 17–20 April 1980, and on 5–6 May 1993, between nine and 16 people and
100,000–675,000 head of livestock died because of severe snow and dust storms [4]. Most recently,
because of an intense dust storm that occurred across a broad area of Mongolia on 26–27 May 2008,
52 people lost their lives and 320,000 animals were killed. In an emission region such as Mongolia,
severe dust storm events constitute major disasters.

We have previously documented subjective symptoms of the eyes and of the respiratory system,
as reported by inhabitants (n = 123) in urban and desert areas of Mongolia immediately after this latest
dust storm. The data collection method adopted in that study involved face-to-face interviews with
a questionnaire. A detailed description of the survey has been published elsewhere [5]. The prevalence
of eye symptoms was higher among those subjects living in the desert area than among the urban
area subjects. Dust storms have been associated with a high prevalence of eye symptoms in Mongolia.
We also performed a cross-sectional survey on Health-Related Quality of Life (HRQOL) using a 36-item
short-form health survey (i.e., an index of health condition) and livestock loss data one year after this
dust storm event. Our results provide preliminary evidence that livestock loss has long-term effects
on HRQOL; some HRQOL markers (general health and vitality) were lower among people who had
lost livestock than among those who had not. Therefore, saving lives, maintaining animal husbandry,
and ensuring medical health support after dust storm disasters (e.g., medical care patrols and
psychological consultations) are primary requirements. Moreover, the development of an appropriate
early warning system to prevent dust storm damage is also needed [6].

Exposure to dust particulates irritates the respiratory tract and is associated with respiratory
disorders such as asthma, pneumonia, and nonindustrial silicosis [1]. In fact, the outpatient morbidity
associated with diseases of the respiratory system in provinces with high frequency of occurrence of
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dust events has remained stably high [3,7] (Figure 2). For example, the morbidity rate of respiratory
diseases in Omnogovi Province, located in the Gobi Desert, was 2157.61 per 10,000 inhabitants in
2011, i.e., about twice the national average (1048.17) [7]. It is suggested that populations particularly
vulnerable to airborne particulate matter and associated respiratory diseases are children, the elderly,
and people with pre-existing heart and lung diseases [1].

Figure 2. Morbidity associated with diseases of the respiratory system in each province of
Mongolia (2011) and observations of dust event (1988–2004). Dust days were based on Code Table 4677
of the World Meteorological Organization (WMO) and dust outbreak frequency was defined as the
percentage of the number of dust outbreaks to the total number of observations. The elements of
surface meteorological data were the 3-hourly present weather and the surface wind speed at a height
of 10 m in East Asia from March 1988 to May 2004 from WMO (see detail in Reference [3]). This dust
outbreak map is a modified version of Figure 3 in Reference [3].

3. Impacts of Asian Dust on Health in Downwind Regions

Using trajectory analysis, confirmed by satellite observation data, we have clarified that Asian
dust events transport both soil-derived and anthropogenic metals [8]. Additionally, based on aerosol
sampling in both Mongolia and Japan, it has been established that “bioaerosols” (i.e., airborne
microorganisms) carried by dust events include fungi and bacteria [9,10]. Therefore, it is necessary to
consider not only the physical impacts of dust but also the physiological-biochemical responses when
we evaluate the health effects of Asian dust events.

In downwind regions of Asian dust events such as Japan, South Korea, and Taiwan, recent
epidemiological studies have shown that such events have coincided with increases in daily hospital
admissions and clinical visits for allergic diseases such as asthma, allergic rhinitis, and conjunctivitis [1,11].
Children have been found to be particularly vulnerable. Globally, exposure to dust particles transported
by desert storms is associated with increased hospital admissions for childhood asthma [12].
Worsening asthma symptoms caused by Asian dust might be attributed to the combination of particulate
matter from soil and anthropogenic pollutants [13]. In relation to cardiovascular diseases, it has been
suggested that Asian dust is a potential trigger of acute myocardial infarction [14].

As we have previously reported, it has been highlighted that Asian dust can induce symptoms
such as itchy eyes and skin, nasal congestion, and sore throats in otherwise healthy subjects [15].
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We evaluated the association between daily symptoms and dust events in 54 healthy subjects. In this
study, scored symptoms were significantly higher on Asian dust days than on non-Asian dust days,
and the skin symptom scores were correlated positively with the levels of suspended particulate
matter [15].

4. Allergic Reactions and Asian Dust in Downwind Regions

The association between skin symptoms and Asian dust events has been reported previously [16].
Analysis of Asian dust particles in Japan has shown the presence of ammonium ions, sulfate ions,
nitrate ions, and heavy metal compounds that are considered not to originate from soil.
During transport, Asian dust particles are thought to adsorb atmospheric pollutants caused by
anthropogenic activities. To compare skin symptoms on an Asian dust day with metal allergic reactions,
we performed patch testing, which is a useful method for the estimation of contact dermatitis. In this
previous study [16], we performed tests on nine subjects with skin symptoms and 11 subjects without
skin symptoms on an Asian dust day. It was found that 89% of subjects with skin symptoms reacted
to nickel samples. Conversely, 82% of subjects without skin symptoms had no reaction to nickel
samples [16]. Nickel is a common cause of contact allergies, and it has been found that skin symptoms
on Asian dust days are significantly associated with the levels of atmospheric nickel in corrected total
suspended particulates [17]. Skin symptoms during Asian dust events might reflect allergic reactions
to Asian dust particle-bound metals.

Recent studies have shown that microbes such as bacteria and fungi can migrate vast distances
during Asian dust events by attaching themselves to dust particles. In Korea, springtime air contains
a large variety of fungi and potentially high levels of fungal allergens including Penicillium [18].
In Japan, the possibility of bacterial attachment to aeolian dust particles has been identified [19].
We have previously published a relationship between serum immunoglobulin E (IgE) levels and
subjective symptoms on Asian dust days with 25 healthy subjects [19]. Significant association was
found between IgE levels of microbial allergens and nasal symptom scores. Asian dust events might
trigger some kind of hypersensitivity to fungal allergens [19].

5. Conclusions

Although the effects of Asian dust on human health differ between the emission and downwind
regions, they are closely connected to each other by human activities leading to desertification.
Moreover, industrial development makes the issue more complicated. An implication for public
policy in East Asia is that to protect public health, anthropogenic sources of particulate pollution must
be controlled more rigorously in areas highly impacted by Asian dust events.
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Abstract: The increase of summer temperatures and a prolonged growing season increase the
potential for agricultural land use for subarctic agriculture. Nevertheless, land use at borderline
ecotones is influenced by more factors than temperature and the length of the growing season,
for example soil quality, as the increasing lengths of dry periods during vegetation season can
diminish land use potential. Hence, this study focuses on the quality of the soil resource as
possible limiting factor for land use intensification in southern Greenland. Physical and chemical
soil properties of cultivated grasslands, reference sites and semi-natural birch and grassland sites
were examined to develop a soil quality index and to identify the suitability of soils for a sustainable
intensification and expansion of the agriculture. The study revealed that soils in the study area are
generally characterized by a low effective cation exchange capacity (CECeff) (3.7 ± 5.0 meq 100 g−1),
low pH CaCl2 (4.6 ± 0.4) and low clay and silt content (3.0 ± 1.0% and 38.2 ± 4.7%, respectively).
Due to the high amount of coarse fraction (59.1 ± 5.8%) and the low amount of soil nutrients,
an increasing threat of dry spells for soils and yield could be identified. Further, future land
use intensification and expansion bears a high risk for concomitant effects, namely further soil
acidification, nutrient leaching and soil degradation processes. However, results of the soil quality
index also indicate that sites which were already used by the Norseman (980s–1450) show the best
suitability for agricultural use. Thus, these areas offer a possibility to expand agricultural land use in
southern Greenland.

Keywords: subarctic agriculture; Greenland; soil quality index; farming at its limits; air temperature
increase; increase of growing season

1. Introduction

Agriculture in subarctic latitudes is characterized by a cool and short growing season.
Thus, the agricultural use consists mostly of cool season forage and vegetable crops, small grains,
raising cattle, sheep, goats, pigs and poultry, as well as reindeer herding [1]. Consequently, agriculture
in these areas is of a relatively small economic relevance. Nevertheless, climate change is projected to
improve the potential of growing forage crops and thus raising animals [1].

Since 1960, the rate of warming in northern latitudes has been two to three times higher than
the global average [1] and future climate change is expected to be more pronounced than in other
regions [1]. For southern Greenland, climate models predict a temperature increase of 3–6 ◦C for the
next 100 years [1]. The Danish Meteorological Institute (DMI) modeled a lengthening of the growing
season of approximately two months until 2100 [2]. Despite the ecological restrictions, Greenlandic
agriculture has already experienced an enormous intensification during the last decades, e.g., by tillage
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of fodder fields and application of industrial fertilizers [3,4]. This trend is expected to grow further
over the next century as climate warming is anticipated to increase the length of the growing season
and productivity [4].

Southern Greenland offers a historic perspective on land use and climate change. During the
medieval climate optimum, the Norse settlers (985–1450) practiced animal husbandry in this region.
The settlement by the Norse farmers, however, ended ultimately with their complete disappearance.
Literature suggests different reasons for the abandonment of the Norse settlements, for example the
worsening of climatic conditions [5] or the overexploitation of land resources as grazing pressure
exceeded the resilience of the landscape and pasture economy failed [6,7]. The at least partially
environment-induced failure of the Norse highlights the importance of developing sustainable land
use today.

“Re-colonialization” of Greenland took place in 1771, when Denmark–Norway sent a missionary
expedition to Greenland [8] and permanent settlement and land use in South Greenland was resumed.
During the 18th and 19th century, land use was practiced only for self-sufficiency with few domestic
animals kept close to settlements [9]. Modern sheep farming in southern Greenland began after 1915 [9]
and can be subdivided into two management phases. Sheep were first kept grazing outside for the
whole year [10]. After some harsh winters in the 1960s and 1970s, when many sheep starved to death,
a new management plan was introduced in 1982, following a pattern of seven months of barn feeding
and 5 months grazing on outlying fields [9]. Barn feeding required hay production for winter fodder
and the area used for haying increased steadily from 70 ha in 1980 [10] to 780 ha in 2001 to currently
1081 ha [11]. At the same time, the number of sheep owners decreased from 95 in 1982 to 48 in 2008 [12].

Agriculture in Greenland actually encompasses primarily livestock breeding of sheep. According
to the Greenlandic Statistics for 2013 [13], 43 farms operated with agriculture as their primary source
of income based on sheep farming with roughly 46,000 sheep, about 20,000 ewes and 26,000 lambs,
which graze during the summer and are slaughtered in autumn. Grazing land included 242,000 ha,
while areas used for hay production accounted for 1081 ha in 2013 [13]. The agricultural sector accounts
for only about 0.1% of total export of goods [11]. To augment the agricultural exports, Greenland aims
at increasing the number of sheep by fostering hay production and grazing capacity [3]. In addition,
the future potential for commercial vegetable production in southern Greenland has recently been
celebrated in several popular media and functions as a symbol for climate change. Carrying headlines
include “Global Warming a Boon for Greenland’s Farmers” [14] or “Farming to the fore as Greenland ice
thaws” [15]. However, Greenlandic agriculture is far from self-sufficiency. In 2007, Greenland imported
1000 t sheep fodder, corresponding to 40–50% of the winter fodder [16]. An additional 600 ha of
hayfields would be necessary to reach self-sufficiency in feeding the current number of ewes during
winter [17]. This corresponds to an increase of 55% of the area that is used nowadays. The Agricultural
Consulting Service states that efforts should therefore focus on the expansion of cultivated land in
the coming years [17]. Another possibility for increasing the autonomous sheep food supply would
be a further raise in the yield per area using fertilizers. According to the Greenlandic government,
Greenlandic agriculture already applied 600 to 700 t of industrial fertilizer on an area of about 1000 ha
in 2007 [16]. Literature indicates a yield range between 2000 and 2500 FE ha−1 (1 FE = nutrition value
of 1 kg barley [18]) in the years 2000–2007 [17,19,20]. Comparing the yield in 1994 (1420 FE ha−1) to
the yield in 2007 (2100 FE ha−1) [19], the increase can be interpreted as a reaction to the increasing
application of fertilizers. However, newer numbers of the Greenlandic Agriculture Commission [18]
highlight a significant decrease in yields during the last decade with 2100 FE ha−1 in 2007, 1000 FE ha−1

in 2010, 1800 FE ha−1 in 2011 and 1500 FE ha−1 in 2012, respectively. According to the Greenlandic
Agriculture Commission [18], the decrease in yield is caused by the increasingly dry summers,
especially in the more protected areas of the inner fjords. Thus, the question arises of whether the
prospected increase in temperature and growing season has the potential to strengthen the agricultural
sector in Greenland.
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Westegaard-Nielsen et al. [21] modeled the potential aboveground biomass production for sheep
farming in southern Greenland until 2100 based on predicted climate change. Their results indicate
an increase of biomass, suitable for increasing livestock breeding. However, the modeled increase
in future biomass production is based on using air temperatures only. The authors stress that soil
nutrients and plant available water are two main components that need to be included in precise
assessments of future plant growth. Thus, the question arises whether the increase of temperature and
the prolonged growing season actually contribute to the expansion of farming. Furthermore, climate
change does not necessarily imply steadily increasing temperatures and length of growing season.
On the contrary, variability in temperature, but also in precipitation patterns, for example an increased
length of summer dry spells, have to be considered [2].

Finally, agriculture in the pristine landscape of southern Greenland is not without consequences
for ecosystem stability [4]. Unsustainable land use can affect ecosystem functions in several ways, as for
example soil degradation by loss of organic matter, salinization, compaction, structural destruction,
sealing, contamination or acidification [22]. Consequently, inappropriate land use can compromise the
maintenance of further productivity [22]. According to Doran and Parkin [23], soil quality assessment
is therefore essential to determine the sustainability of land management systems in the near and
distant future. The definition of soil quality and thus the suitability of soils for sustainable agricultural
use has long been a challenging issue, since soils are highly variable in properties, characteristics
and functions [22,23]. To define the capacity of soil systems for a sustainable intensification and for
preventing concomitant effects of agricultural use, indicators for soil quality are needed [24]. Indicators
should designate the resilience of soil against physical, chemical and biological disturbances [24] and
thus provide information about the ability of the soil to provide essential environmental services [22].
They should be easy to measure and provide evident information on ecosystem functioning and
productivity [22]. Thus, soil quality indicators should not only identify the condition of the soil resource,
but also define the economic and environmental sustainability of land management practices [25].

The main goal of this study is to answer the question whether the proposed intensification
of agricultural use following climate warming in southern Greenland is possible and sustainable
considering the soil resources. Specifically, the study will examine the hypothesis whether plant
available nutrients and plant available water limit the potential for a sustainable intensification and
expansion of agriculture in southern Greenland. To achieve this aim, the study will examine the
impact of agriculture on soil and landscape ecology by identifying concomitant effects on the soil
resource. A key outcome is the identification of areas which are most suitable for a sustainable land
use intensification and expansion based on an integrated soil quality index (SQI).

2. Material and Methods

2.1. Study Area

The study on the potential for land use expansion and intensification in southern Greenland
took place in the area of Igaliku (60◦59′27′′ N, 45◦25′9′′ W) between the head of Igalikup Kangerlua
(Einar’s Fjord) and Tunulliarfik fjord (Erik’s Fjord) (Figure 1). The study area was chosen due to its
long land use history, its good accessibility and due to existing contacts to local farmers. The study
area is one of 15 regions in southern Greenland where sheep farming is practiced. Hay making area,
as well as sheep number in the study region account to approximately 10% of the total area and sheep
number in southern Greenland. Due to its location in the inner fjords, the region is climatically more
favorable than other regions; however, precipitation during vegetation period can be scarce compared
to other regions [26]. In addition, soils conditions on selected protected areas of the inner fjords show
to be more favorable for agricultural use than in the outer fjords and less protected areas [3].
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Figure 1. Study area and hay making fields in the area (114 ha), fields were grouped according to the
farmer managing the areas and its allocation. Farm 6 (27 ha) did not participate in the study, however
it is still shown in the figure as it represents almost a fourth of the total hay making area, and as its
vicinity to Lake Igaliku poses a severe risk for the eutrophication of the water body.

Geologically, the Ketilidian basement, which was formed 1850–1725 million years ago, consists of
granitic rocks of the Julianehåb batholith, which is partly overlain by Gardar sandstone sediments and
lavas with outcrops of basaltic magmas and the intrusion of early dyke swarms [27]. Mean annual
precipitation for the climatological standard normal 1961–1990 at closest meteorological station in
Narsarsuaq is 615 mm. Mean annual temperature is 0.9◦, with means of 10.3 ◦C in July and −6.8 ◦C
in January [28]. The climate is thus subarctic because the mean temperature of the warmest month
is above 10 ◦C [29]. On average, the number of growing days (≥5 ◦C) in Narsarsuaq was 138 days
during the standard period 1961–1990. The mean number of growing days increased to 146 days for
the period 1991 to 2010. The occurrence of dry winds from the Icecap called foehn [26], as well as the
high variability in summer precipitation [2,26] can cause prolonged dry periods during vegetation
period [2,26]. According to the Greenlandic Agricultural Consulting Service [3], both prolonged dry
periods and increasing number of intensive rainfall events have been observed during the last decade.

Vegetation is characterized by local willow and birch copses at lower elevations. On less protected
areas dwarf-shrub willow heath (Salix glauca) and an understorey of herbs as clustered lady’s mantle
(Alchemilla glomerulans) can be found [29]. Above the altitudinal limit of willow heath, depending
more on microclimatic and soil conditions than on defined altitudes, vegetation is characterized by
wind exposed, largely open fjell fields. Species include dispersed and low growing patches of lichens,
dwarf shrubs like arctic willow (Salix arctica) and common juniper (Juniperus communis), and grasses,
such as wood-rush (Luzula confusa) and moss campion (Silene acaulis) [29,30]. Natural grassland slopes
are dominated by different species (Anthoxanthum odoratum, Deschampsia flexuosa and subordinated
Alchemilla alpina), moist fens with sedges and different species of peat mosses (Carex rariflora,
Eriophorum scheuchzeri, and Sphagnum sp.) are frequent but cover limited area due to topography [29,30].
Furthermore, cultivated grassland can be found. According to Daniëls [31], vegetation of cultivated hay
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fields and pastures in southern Greenland most likely belongs to the class of Molinio-Arrhenatheretea,
a.o. red fescue (Festuca rubra), common sorrel (Rumex acetosa), dandelion (Taraxacum officinale) and
meadow buttercup (Ranunculus acris). The weed vegetation of arable fields around Igaliku consists
mainly of seedmixes with high amount of timothy grass (Phleum pratense). Daniëls [31] concludes,
that vegetation communities on farmed land in southern Greenland mainly correspond to the typical
communities for the European cultural landscapes.

Soils in southern Greenland are generally described as acidic with low amount of nutrients and
limited capacity to store water [3]. However, on protected areas in the inner fjords, brown earth can be
found [3]. According to Feilberg [29], generally Brown earth and Podzols occur in densely vegetated
areas, while shallow Syrosems and Rankers developed where vegetation is scattered or constitutes just
a continuous cover.

Igaliku has long been recognized as the historic site of Gardar, the seat of the bishop of the Norse
settlements in Greenland during the Middle Ages (986 to 1450) and has already experienced intensive
agricultural use during this period [4,32,33]. The current settlement of Igaliku has been established
in 1782 by the Norwegian colonist Anders Olsen, whose family subsisted on few domestic cattle and
sheep [32]. Population ranged between 35 and 50 inhabitants during the last 20 years [34]. In 2011,
2100 sheep were kept at five farms in and around Igaliku [34]. For winter fodder production, a total
area of about 115 ha was managed by the five farmers [3]. The areas used for hay production are
common land, but assigned for management to individual farmers. They are located at a relatively
low elevation (max. 75 m a.s.l., mean 28 m a.s.l.) between hills reaching 300 m a.s.l. and surrounded
by mountains with elevation of up to 1800 m a.s.l.

2.2. Sampling Setup

To assess the potential of agricultural intensification and expansion, as well as the impact of land
use, chemical and physical soil parameters of agricultural fields around Igaliku, were sampled. In total,
87 ha of agricultural land, farmed by four participating farmers, was studied (Figure 1). In 2013,
the participating famers kept 1400 mother sheep, which are fed through the winter. The fields of
Farms 3 and 4 are managed by the same farmer, but the fields of Farm 4 are allocated more south.
For each Farm, 1–2 reference sites (9 in total) were sampled next to a representative agricultural field
(in the following called agricultural reference sites). Furthermore, seven birch areas and six grassland
areas in the northeast of the study site were sampled as additional reference sites (Figure 1). These
areas represent the natural vegetation associations at the subarctic ecotone border [29]. However, sites
were characterized as semi-natural as there is evidence for pastoral activities. The characteristics of the
sampling sites are summarized in Table 1.

Table 1. Overview of the sampled areas and its site characteristics.

Site Sampling Site Characteristics Size of Sampling Area

Farm 1 n = 10

Mean elevation (m a.s.l.) 21 ± 14 Stdv.; Range 38

Parcel size

Mean slope (◦) 6 ± 3 Stdv.; Range 9
Aspect N: 0, NE: 0, E: 0; SE: 0, S: 0, SW: 2, W: 6, NW: 2

Slope position CR: 0, UP: 0, MS: 6, LS: 4, TS: 0, BO: 0
Slope form SS: 8, SV: 0, SC: 1, VS: 1, VV: 0, VC: 0, CS: 0, CV: 0, CC: 0
Soil texture Sandy loam: 10, Loamy sand: 0, Sand: 0

Farm 2 n = 11

Mean elevation (m a.s.l.) 53 ± 15 Stdv.; Range 40

Parcel size

Mean slope (◦) 7 ± 3 Stdv.; Range 9
Aspect N: 2, NE: 0, E: 0; SE: 0, S: 0, SW: 0, W: 7, NW: 2

Slope position CR: 0, UP: 0, MS: 3, LS: 5, TS: 3, BO: 0
Slope form SS: 6, SV: 0, SC: 2, VS: 0, VV: 0, VC: 0, CS: 3, CV: 0, CC: 0
Soil texture Sandy loam: 11, Loamy sand: 0, Sand: 0

Farm 3 n = 8

Mean elevation (m a.s.l.) 22 ± 9 Stdv.; Range 24

Parcel size

Mean slope (◦) 3 ± 2 Stdv.; Range 4
Aspect N: 0, NE: 0, E: 7; SE: 0, S: 1, SW: 0, W: 0, NW: 0

Slope position CR: 0, UP: 0, MS: 4, LS: 4, TS: 0, BO: 0
Slope form SS: 5, SV: 0, SC: 2, VS: 0, VV: 1, VC: 0, CS: 0, CV: 0, CC: 0
Soil texture Sandy loam: 8, Loamy sand: 0, Sand: 0
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Table 1. Cont.

Site Sampling Site Characteristics Size of Sampling Area

Farm 4 n = 5

Mean elevation (m a.s.l.) 34 ± 12 Stdv.; Range 24

Parcel size

Mean slope (◦) 5 ± 2 Stdv.; Range 4
Aspect N: 1, NE: 0, E: 4; SE: 0, S: 0, SW: 0, W: 0, NW: 0

Slope position CR: 0, UP: 0, MS: 5, LS: 0, TS: 0, BO: 0
Slope form SS: 2, SV: 0, SC: 0, VS: 1, VV: 0, VC: 1, CS: 0, CV: 0, CC: 1
Soil texture Sandy loam: 4, Loamy sand: 1, Sand: 0

Farm 5 n = 10

Mean elevation (m a.s.l.) 28 ± 14 Stdv.; Range 45

Parcel size

Mean slope (◦) 6 ± 3 Stdv.; Range 10
Aspect N: 1, NE: 0, E: 0; SE: 0, S: 0, SW: 5, W: 1, NW: 3

Slope position CR: 0, UP: 0, MS: 5, LS: 2, TS: 0, BO: 3
Slope form SS: 3, SV: 0, SC: 2, VS: 1, VV: 1, VC: 0, CS: 2, CV: 0, CC: 1
Soil texture Sandy loam: 10, Loamy sand: 0, Sand: 0

Agricultural
reference sites

n = 9

Mean elevation (m a.s.l.) 33 ± 12 Stdv.; Range 34

10 m × 10 m

Mean slope (◦) 7 ± 3 Stdv.; Range 9
Aspect N: 0, NE: 1, E: 3; SE: 0, S: 3, SW: 0, W: 2, NW: 0

Slope position CR: 0, UP: 0, MS: 9, LS: 0, TS: 0, BO: 0
Slope form SS: 5, SV: 1, SC: 2, VS: 1, VV: 0, VC: 0, CS: 0, CV: 0, CC: 0
Soil texture Sandy loam: 7, Loamy sand: 2, Sand: 0

Semi-natural
birch sites

n = 7

Mean elevation (m a.s.l.) 199 ± 48 Stdv.; Range 180

10 m × 10 m

Mean slope (◦) 12 ± 5 Stdv.; Range 16
Aspect N: 0, NE: 0, E: 0; SE: 3, S: 1, SW: 2, W: 1, NW: 0

Slope position CR: 0, UP: 0, MS: 4, LS: 2, TS: 1, BO: 0
Slope form SS: 5, SV: 0, SC: 1, VS: 0, VV: 0, VC: 0, CS: 1, CV: 0, CC: 0
Soil texture Sandy loam: 3, Loamy sand: 4, Sand: 0

Semi-natural
grassland
sites n = 6

Mean elevation (m a.s.l.) 221 ± 48 Stdv.; Range 136

10 m × 10 m

Mean slope (◦) 14 ± 6 Stdv.; Range 13
Aspect N: 0, NE: 0, E: 0; SE: 2, S: 3, SW: 0, W: 1, NW: 0

Slope position CR: 0, UP: 0, MS: 5, LS: 1, TS: 0, BO: 0
Slope form SS: 42, SV: 0, SC: 1, VS: 1, VV: 0, VC: 0, CS: 0, CV: 0, CC: 0
Soil texture Sandy loam: 2, Loamy sand: 2, Sand: 1, Missing: 1

Abbreviations. For slope positions: CR, Crest (summit); UP, upper slope (shoulder); MS, Middle slope (back slope);
LS, Lower slope (foot slope); TS, Toe slope; Bo, bottom. Abbreviations for slope forms of plan and profile curvature:
SS, Straight straight; SV, Straight convex; SC, straight concave; VS, Convex straight; VV, Convex convex; VC, convex
concave; CS, Concave straight; CV, Concave convex; CC, Concave concave [35].

2.3. Soil Sampling and Analysis

Sampling on the agricultural fields was performed on the resolution of field size according to
the map of agricultural fields provided by the Agricultural Consulting Service in Qaqortoq (Figure 1).
The fields were selected to ensure that all variabilities in topographic parameters and crops were
represented. Sampling took place within or shortly after the yearly harvest at the end of July 2014.
Soil samples were taken on 44 agricultural fields as composite sample of 15 to 25 cores, which were
randomly taken all across the field by a hand auger reaching rooting depths of 30 cm. On reference
sites, soils were predominantly very shallow and reached only around 30 cm. Same sampling depth
for all the soils was chosen to compare the results. Additionally, three soil samples were taken by
a metal cylindrical core of 100 cm3 volume and 5 cm length at 12–17 cm on each field to determine soil
bulk density and coarse fraction. Reference sites were sampled likewise within a 10 m × 10 m area
(see Table 1).

Soil analysis results refer to concentration per area using the volumetric basis calculated by bulk
density of the fine earth fraction <2 mm and investigated soil depth. Precise information on the soil
processing and analysis, as well as the reasons for parameter selection is given in Table 2. To extrapolate
the measurements of the 44 agricultural fields to the surrounding fields, the topographic parameters
(angle, orientation, position and form of the slope), parent material and crop were mapped according
to the FAO Guidelines for soil description [35] for all sampling sites and on further 76 agricultural
fields. Soil quality of the agricultural fields was evaluated considering single indicating parameters as
well as using an overall soil quality index (SQI).
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2.4. Soil Quality Index (SQI)

To identify the most significant variables to calculate the soil quality index (SQI) that best
represents the soil functions associated with sustainable land use intensification, a minimum dataset
(MDS) of parameters is needed to avoid redundancies of the parameters [44]. According to a review
by Zornoza et al. [22], the most common parameters used to calculate an index for soil quality were
pH, electric conductivity (EC), soil organic carbon (Corg), total nitrogen (Ntot) and available P. Other
indicators such as nitrate (NO3

−-N), ammonium (NH4
+-N), exchangeable cations (Naex, Kex, Caex,

Mgex), bulk density (BD), texture and available water content have, according to Zornoza et al. [22],
also been used by various authors. The MDS used to calculate the SQI in this study was selected using
principal component analysis (PCA). PCA is a way to reduce the dimensionality of a data-set while
limiting the loss of information [44]. The PCA for the presented study was performed on the analyzed
16 chemical and physical soil parameters, using SPSS statistic package (IBM 24.0). The mineralized
Nitrogen (Nmin-N) was not included, because values of Nmin-N cannot be used as soil quality index
for crop growth for the following growing period. The reduction of the number of components was
obtained using the eigenvalue-one criterion; only PCA’s with an eigenvalue >1 [45], that explained at
least 5% of the total variance and had loadings <0.4 [46] were selected. The PCA output is summarized
in Table 3. To avoid inter-related variables among the indicators in one PCA, that could have remained
within the variables explaining the 5% in the total variance, correlation among the indicators was
examined [47]. Variables were determined as redundant if the correlation coefficients in between the
variable of the PCA were higher than R2 = 0.65; given the case, the higher ranked variable was kept in
the MDS.

Table 3. Output of principal component analysis (PCA) of the soil quality indicators and their classification
into functional groups. Parameters are ordered according to their loading. Bold component-loadings
correspond to the indicators included in the MDS.

PC 1 PC 2 PC 3 PC 4 Functional Group

Eigenvalue 7.549 2.543 1.423 1.166
Percent 47.18 15.894 8.893 7.285
Cumulative percent 47.18 63.073 71.966 79.251
ESP (%) 0.933 0.166 0.009 0.138 The less the better [48]
Naex (meq 100 g−1) 0.852 0.344 0.093 0.157
C:N ratio (-) −0.763 −0.224 −0.245 0.039
BS (%) 0.665 0.229 0.651 0.059
Mgex (meq 100 g−1) 0.609 0.483 0.243 −0.115 The more the better [43]
Corg (%) 0.343 0.799 0.179 0.317 The more the better [43]
Ntot (%) 0.477 0.755 0.219 0.246
P (mg 100 g−1) 0.343 0.739 −0.032 −0.133 Optimal value [49]
BD > 2mm (g cm−3) −0.088 −0.711 −0.133 0.37 The less the better [43]
Kex (meq 100 g−1) 0.45 0.561 0.33 −0.051 The more the better [43]
Caex (meq 100 g−1) 0.194 0.429 0.837 0.097 The more the better [43]
pH (CaCl2) 0.036 −0.149 0.82 −0.414 Optimal value [50]
CECeff (meq 100 g−1) 0.533 0.528 0.644 0.062
Sand (%) 0.064 −0.298 0.074 −0.897 The less the better [38]
Clay (%) 0.237 −0.074 0.015 0.844
CF (Vol-%) 0.005 0.277 0.078 −0.53 The less the better [38]

The SQI is used for synthesizing the information of the measured indicators based on scoring
different soil indicators to estimate the agricultural suitability of the sampled area. Measured values
are transformed into unit-less values, so that scores may be combined to form a single value. Thus,
the selected parameters were subdivided into different groups to assign different functions representing
the best soil functionality of the parameter (Table 3). The groups are: (i) the more the better; (ii) the less
the better; and (iii) optimal value. The data for the chosen parameters were ranked by linear scoring
technique [43,51]. All the values of one variable were ranked with a score ranging from 0 to 1 applying
the three functions. If the best soil functionality was associated with high values, highest score was
given for the highest value, if best soil functionality was associated with low values, the highest score
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was given for the lowest value, remaining values were scored based on their percentage of the highest
value. If the best soil functionality was associated with an optimal value highest score was given for
the value closest to the optimal value. After ranking, SQI was calculated by summing scores of each
indicator and dividing the result by the total number of indicators [43,52]. Ranking of available P was
performed using the data not based on volumetric recalculation, but on measured concentrations to
apply the classification system developed by Agroscope for the Swiss agricultural research agency [49],
which also takes into account humus and clay content of the sample. The nutrients classification of
Agroscope was chosen because it is also applicable to alpine soils, whose development is comparable
to southern Greenlandic soils. As thresholds depend on geographic regions, the soil quality index can
only be used locally to compare the quality differences within the fields of different farmers, differences
to agricultural reference sites, semi-natural birch areas and grasslands. Visual classification of the
scores was performed by geometrical intervals (ArcGIS 10.2).

3. Results and Discussion

3.1. Suitability of the Sampled Fields for Agricultural Use

The major concern for the intensification and expansion of agricultural use can be identified in
the low nutrient status of the soils (Table 4). The sandy texture (Table 5) and the acidic parent material
of the soils (Table 4) limit nutrient retention, thus soils cannot buffer natural and management induced
pH changes, which leads to further nutrient leaching and a further decrease of the pH-value. A low pH
affects plant availability of macronutrients, especially P, Ca and Mg, but also K and N [50]. The process
of nutrient leaching due to acid soil conditions is also indicated by the significant lower Ca and Mg
levels on agricultural sites compared to the semi-natural reference sites (Table 4). The unsuitable
nutrient status is also shown by the low effective cation exchange capacity (CECeff) and the low base
saturation (BS) (Table 4), both indicating a low nutrient saturation. The analysis of CECeff revealed
very low values on Farms 1, 2 and 5, as well as on the semi-natural birch and grass sites. Farms 3 and 4
showed a median CECeff of 12.4% and 6.5%, respectively. However, on Farm 4, the exchangeable
sodium percentage (ESP), expressed in Naex, contributed with median 11.5% to the CECeff, while on
Farm 3, 6.2% of the CECeff derived from Na-cations. According to Scheffer et al. [39], the percentage
of Naex on the CECeff on slightly acidic soils in humid climate normally accounts to only <2%. Thus,
the measured Naex on Farms 3 and 4 show overproportional percentages on CECeff. However,
excluding Naex-cations for the CECeff calculation, the CECeff was still significantly higher on Farms 3
and 4 than on the remaining farms.

According to the nutrient classification of Swiss Agroscope [49], the amount of P (Table 4) is
particularly poor for most of the sampled sites, illustrating that P represents a limiting factor. K levels
(Table 4) showed generally a higher nutrient status, and all agricultural fields were classified as
“sufficient”, “stocked” and “enriched”, except for Farm 5 where only 20% of the fields showed
“sufficient” K concentrations. No significant K differences were found between the reference and
farmed sites.
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Table 5. Physical soil parameters. Parameters marked with (*) show normally distributed data, thus
mean and standard deviation is given, significances were calculated with t-test. Parameters marked
with (**) show not normally distributed data, thus median and interquartile range is given, significances
were calculated with Mann–Whitney rank sum test. Ag. Ref = Agricultural reference sites; Birch =
Semi-natural birch sites; Grass = Semi-natural grassland sites.

Site
BD < 2 mm *

(gcm−3)
CF ** (Vol% ) Clay ** (%) Silt ** (%) Sand ** (%)

Farm 1 1.06 ± 0.11 bd 5.5 ± 5.3 3.2 ± 0.8 b 38.8 ± 3.8 c 58.2 ± 4.0 c

Ag. Ref 1 1.16 ± 0.08 b 2.5 ± 1.0 2.7 ± 0.7 36.8 ± 13.2 60.5 ± 13.9
Farm 2 0.98 ± 0.13 b 5.0 ± 2.7 2.3 ± 0.7 b 36.4 ± 3.3 c 60.3 ± 3.9 c

Ag. Ref 2 1.13 b 4.3 2.8 41.0 56.2
Farm 3 0.68 ± 0.17 acd 8.0 ± 4.5 d 2.7 ± 0.5 b 36.7 ± 7.3 c 60.7 ± 8.5

Ag. Ref 3 0.87 4.8 2.7 39.9 57.4
Farm 4 0.93 ± 0.11 3.9 ± 1.8 2.1 ± 2.6 33.0 ± 2.6 d 64.8 ± 3.8

Ag. Ref 4 0.97 ± 0.11 b 7.0 ± 6.6 3.2 ± 1.6 45.4 ± 22.7 51.4 ± 24.3
Farm 5 1.10 ± 0.19 bd 4.7 ± 5.0 3.6 ± 0.7 bd 38.5 ± 3.6 bc 57.6 ± 3.5 bc

Ag. Ref 5 0.96 ± 0.10 6.5 ± 10.3 3.2 ± 0.1 40.6 ± 12.0 56.2 ± 12.0
Farms 1–5 0.96 ± 0.21 b 5.2 ± 4.8 3.0 ± 1.0 b 38.2 ± 4.7 bc 59.1 ± 5.8 bc

Ag. Ref. 1–5 1.02 ± 0.13 b 4.3 ± 5.0 3.0 ± 0.5 b 41.0 ± 10.7 c 51.4 ± 10.8 bc

Birch 0.76 ± 0.13 ace 3.7 ± 8.0 0.9 ± 1.7 ae 28.9 ± 17.2 e 59.9 ± 19.8 ae

Grass 1.06 ± 0.16 b 10.8 ± 8.7 0.7 ± 2.7 d 22.2 ± 16.3 ae 63.3 ± 18.9 ae

a sign. differences (p < 0.05) to agricultural reference sites (1–5); b sign. differences (p < 0.05) to birch sites; c sign.
differences (p < 0.05) to grassland sites; d sign. differences (p < 0.05) to the remaining agricultural sites; e sign.
differences (p < 0.05) to all agricultural sites (Farms 1–5); f sign. differences (p < 0.05) to the corresponding farm;
g sign. differences (p < 0.05) to the remaining agricultural reference sites.

Comparing the autumn nutrient status (P2O5, K2O) to the economically optimal nutrient range
for seeded grasslands, i.e., yield compared to the need of fertilizer application [53], we can conclude
that only the fields of Farm 3 have an economically feasible nutrient condition (Figure 2).

A possibility to adapt land use to the unsuitable soil conditions could also be reached by
cultivating plant species which are more adapted to the soil conditions. The Agricultural Consulting
Service is currently running experiments with various perennial types of grasses for the production of
hay and silage [3].

Figure 2. (a) After harvest values for the nutrients K2O; and (b) P2O5 compared to economically
optimal nutrient values for seeded grasslands [53]. Circles represent outliers that have values greater
than 1.5 times the interquartile range, stars represent extreme outliers that have values greater than
3 times the interquartile range. Ag. Ref. sites = Agricultural reference sites; Birch sites = Semi-natural
birch sites; Grass sites = Semi-natural grassland sites.
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The second major concern for land use intensification is related to climate variability and can
be found in reduced plant available water. Due to mostly sandy texture (Table 5) of the soils, with
insignificant amounts of clay (Table 5), and due to the high coarse fraction in some soils (Table 5),
the water holding capacity is generally low. Archeological evidence of irrigation channels in Igaliku
illustrates that the Norseman faced the challenge of limited water availability already [32,54]. The risk
of dry soils for agricultural production is also mentioned by Christensen [55] who also pointed out that
agricultural use should concentrate on moist depression zones not prone to drought during periods
without rain. According to the Agricultural Consulting Service [3], the high variability of annual
weather conditions, including the lack of rainfall during the growing season, represents a major concern
for expanding agriculture. Water availability during growing season (May–September) is already
very limited because only approximately half of the mean annual rainfall of 615 mm (1961–1990) at
Narsarsuaq station falls during the growing season [28]. According to Hansen [26], precipitation in the
inner fjords can be as low as 110 mm during the growing season in dry years. Katabatic dry winds
emanating from the ice cap are a characteristic of the region and can persist for many days [56]. The dry
winds result in an evapotranspiration of up to 16 mm day−1 and can lead to drought stress for the
vegetation [26]. Adderley and Simpson [56] modeled soil chemical, physical and soil-water hydraulic
properties for two study sites near the eastern settlement, in Qassiarsuk and Tasersuaq about 20 km
northwest of Igaliku and concluded that there is a frequent requirement for irrigation, both currently
and during the Norse settlement period. Recent press communications underline the threat of droughts.
In 2008, for example, the 50% reduction in yield of hay and silage for sheep husbandry caused by the
drought in southern Greenland was seen as a national problem [57], severe yield reduction due to
dry summers continued in the years 2010, 2011, 2012 and 2015 [18,58,59]. The threat of dry growing
seasons for fodder availability can even be more pronounced in the future as the Danish Meteorological
Institute (DMI) modeled an increase in the lengths of dry periods (consecutive days with less than
1 mm precipitation) during the vegetation period [2]. According to the DMI, dry periods will last up
to 10 days longer until 2081–2100 compared to the period 1991–2010 with its longest dry period of
20 days [2]. Another risk related to climate variability could be found in the high discrepancies of
summer precipitation in southern Greenland from year to year but also within one summer [2]. As not
only the length of dry periods but also the total amount of summer precipitation is expected to increase
for 10% until 2081–2100 compared to the period 1991–2010 [2], this would infer heavier rainfall events.
Considering the poor nutrient retention potential of the soils, such events would impose a high risk of
nutrient leaching.

3.2. Impact of the Agricultural Use on Soil and Landscape Ecology

The comparison between farmed areas and reference sites already revealed that
agriculturally-used areas show a significantly lower pH (CaCl2) compared to the reference sites
(Table 4). Even though comparability of the values on farm level is limited, due to the low amount
of reference sites for the single farms, a trend in the decrease of pH of the already acidic soils is still
visible. The efficiency of applied fertilizers decreases with decreasing pH [60], highlighting another
limitation of the soils for farming. The low pH (CaCl2) on the studied agricultural fields indicates high
nutrient leaching, and thus waste of approximately 50 to 70% of the applied fertilizer [60]. The Nmin-N
values after harvesting (Table 4) confirm the risk of nitrate leaching. Due to percolating water during
autumn rainfalls, autumn Nmin-N soil values typically leach up to 100% on sandy soils and 30–70% on
more cohesive soils [61]. Thus, Nmin-N after harvesting should not exceed 30 kg ha−1 [62] to prevent
water bodies from eutrophication. Information on the amount of fertilizer added on the fields was
not available, however the high Nmin-N values after harvesting, especially on Farms 1 and 5, indicate
an inappropriate use of fertilizers (Figure 3). Confirming the leaching, a nutrient enrichment in the
nearby Lake Igaliku (see Figure 1) has recently been identified by Belle et al. [63]. The study concludes
that Lake Igaliku is in a worrying ecological state because of the disturbed nitrogen cycle, a loss of
littoral biodiversity, and alterations of its trophic functioning [63].
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Figure 3. After harvest Nmin-N values compared to advised Nmin-N values after harvest to protect
water bodies [62]. Circles represent outliers that have values greater than 1.5 times the interquartile
range, stars represent extreme outliers that have values greater than 3 times the interquartile range.
Ag. Ref. sites = Agricultural reference sites; Birch sites = Semi-natural birch sites; Grass sites =
Semi-natural grassland sites.

The inappropriate use of fertilizer, especially if the fertilizer is not directly taken up by the plants,
can increase the amount of H+ and thus lead to further leaching of nutrients [48]. Especially ammonium
based fertilizers are known to affect soil pH by increasing soil acidity as the process of converting
ammonium to nitrate in the soil (nitrification) releases H+ [48]. The high amount of H+ is thereby
indicated by the very low base saturation (BS) on the sampled agricultural fields of Farms 1, 2 and 5
compared to the agricultural reference sites. Krøjer [64] as well as Høegh et al. [19] advise a more
careful use of artificial fertilizers in the region, to prevent nutrient leaching and soil acidification.
Soil acidification affects several soil processes, for example a lowered buffering capacity leading to
further decrease in pH and more nutrient leaching. The hampered decomposition of litter leads to
poor soil structure, root growth and microbial activity [65], which potentially reduces pore volume
and water retention capacity. A reduced pore volume is also shown by higher bulk density values,
which was found on Farms 1 and 5 (Table 5).

As described above, plant water availability will be a crucial parameter for agricultural use in the
future, as the lengths and frequency of dry periods will increase [2]. Besides the given soil conditions
and the already mentioned management induced processes which can negatively affect plant available
water, a further process affecting water retention potential was detected in this study. The high
percentage of exchangeable sodium (Naex) observed on fields of Farms 3 and 5 can affect aggregate
stability, cause a decrease in permeability and reduce water infiltration ability [36,40]. Most likely the
high amounts of Naex on Farms 3 and 4 are caused as soils were affected by seawater. This process
is particularly conceivable for the fields of Farm 4 (median Naex 11.5%) (Table 4) which are situated
adjacent to the sea. Another process contributing to the Naex enrichment may have been the use of
seaweed as fertilizer during the Norseman period [66]. This enrichment process may have affected the
fields of Farm 3 (median Naex of 6.2%) because they are situated in the village of Igaliku and were
already used by the Norseman [4,32,33,67].

The analyses of the soil characteristics revealed two major processes, namely soil acidification
and nutrient leaching, which both pose a risk for landscape ecology under land use intensification
and expansion. However, more detailed information on fertilizer application, yield, sheep stock
number, nutrient leaching into water bodies and a higher amount of reference sites providing a better
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comparability of unused and used areas on farm level would be needed to make a distinct estimation
on the concomitant effects of land use in southern Greenland.

3.3. Identifying the Most Suitable Areas

Agriculture in south Greenland already affects soil—and landscape ecology. Consequently, it is
necessary to identify areas which show suitable soil conditions for expansion and intensification to
guarantee sustainable land use in the future. Applying the SQI by integrating the measured physical
and chemical soil properties into one index, enables an overall assessment of the soil quality. SQI values
for both reference sites and farms are shown in Figure 4. It is noteworthy that the fields belonging to
Farm 3 show significantly (p < 0.01) the best soil quality, while the remaining farms with lower quality
do not differ significantly amongst each other, the agricultural and the semi-natural reference sites.

Figure 4. Boxplots indicating soil quality index for agricultural areas, agricultural reference sites
and semi-natural reference sites. Circles represent outliers that have values greater than 1.5 times
the interquartile range, stars represent extreme outliers that have values greater than 3 times the
interquartile range. Ag. Ref. sites = Agricultural reference sites; Birch sites = Semi-natural birch sites;
Grass sites = Semi-natural grassland sites.

Analyzing the pattern of the calculated SQI (Figure 5) reveals an interesting finding, which
could help to identify suitable areas for agricultural use easily. According to the descriptions of
Arneborg [32,68,69], who performed archeological studies in Igaliku, most of the fields of Farm 3
were already used by the Norseman. The fields represent the “inner fields” or “homefields” of the
Norseman in Igaliku (Figure 5b) which were used for winter fodder production [32,68]. A few fields
at Farm 3 (301/325 and 302) and the northernmost fields of Farm 4 (402 and 403), which lie outside
the stonewall confining the “inner fields”, are close to former animal pens and have presumably been
used as pasture [32]. This area coincides with the fields showing the highest soil quality index.
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Figure 5. (a) Parcel based soil quality index map for the agricultural areas. The hatched fields
correspond to the fields where the SQI was extrapolated, considering similarities in the mapped
properties (angle, orientation, position and form of the slope, parent material and crop, mapped
according to the FAO Guidelines for soil description [35]. (b) Areas used for haymaking during the
Norseman period (980s to 1450), after [32,68,69].

No evidence for agricultural use such as irrigation channels or ruins has been found on the fields
of Farms 1, 2, 5 and the remaining fields of Farm 4 [32,68,69]. These areas, which have presumably
not been used by the Norse, show a significantly lower SQI (Figures 4 and 5). The SQI differences
appear to provide evidence that the Norse settlements were situated on areas which were either suited
best for agricultural use or were improved by the Norseman, e.g., by manuring or algae application.
Thus, a possibility to expand agricultural land use in southern Greenland would be to concentrate the
expansion on areas which were already used during the Norseman period, or at least on such sites
that show similar geo-ecologic properties. Even though the present cultivated area far exceeds the area
cultivated by the Norseman, there are still areas which were used by the Norseman that lie unused
today [70].

3.4. Improvement of Soil Quality by Directed Measures

Soil acidification seems to be an obvious hindrance for a sustainable agriculture in southern
Greenland. Liming acidic soils to balance acidification has already been recommended by
Christensen, [55] and later by Krøjer, [64] and also by Høeg et al. [19]. Liming would also be indicated
considering base saturation values (BS) (Table 4), which are classified, as “poor” or even “very poor”
on all sampled fields [41]. Liming or the amendment of soluble soil calcium (gypsum) would also
represent an accurate measure against sodic soils, which also affect the availability of plant water,
replacing the sodium due to the more powerful electrical charge of gypsum [48]. Although the
problem of soil acidification has apparently been identified several decades ago, our study as well as
the literature [17,19,20] indicate that measurements to reduce it were not applied consequently.

The second problem, namely soil water supply during the growing season, could be addressed
by irrigation systems, as used by the Norseman [32,54,68], to reduce the variability in yield
production. Several irrigation channels were already reestablished for the farming area within Igaliku,
corresponding to the fields of Farm 3, in the 1960s [68]. However, facing more pronounced dry periods
in the future requires further measures like for example soil ameliorations, which enhance the ability
to store plant available water for example by increasing soil organic carbon. Further, adaptions to the
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increasing length of dry periods could include cultivating plant species, which are more adapted to
dry soil conditions.

A further issue concerning the adaption to climate variability and sustainable land use is the
increasing size of the farms. According to Hayashi [12], the Greenlandic government introduced
ordinances under the Home Rule Act of 1979, which made investments mandatory and thus made
the small scaled sheep farming no longer viable. In the following, part-time farmers disappeared,
while sheep flock size of the remaining farmers increased to keep their farms economically profitable.
The number of sheep owners in Greenland decreased from 95 in 1982 (shortly after the Home Rule Act
of 1979) to 48 in 2008 [12]. The Rambøll report states that a farmer needs at least 400 sheep to be able to
make a living from it [11]. In contrast, in 1933, under self-sufficient side line farming, the number of
sheep owners was 206, while flock size was mostly fewer than 100 sheep, the total number of sheep
reached approximately 5000 [12]. The increasing farm size bears several risks. First, a bigger flock
size infers higher use intensity than several small farms, because small farms are less centralized than
one big farm. Big flock sizes also increase the risk of soil erosion, as land use, especially grazing may
concentrate on smaller areas. Soil erosion due to overgrazing has been documented for several Norse
settlements [7,10,33,67,71] and has also been mentioned as one of the reasons for the disappearing of
the Norseman in 1450 [7,33]. Today, the increased sedimentation rate in Lake Igaliku (see Figure 1)
during the 20th century indicates an increased soil erosion rate within the study area [67]. Small scale,
decentralized farming, grazing regulations and smaller flock size could help minimizing soil erosion,
but would require political action aimed at soil protection and subsidies providing incentives for
a sustainable agriculture. Re-cultivation and expansion of agricultural use may also infer the readiness
of farmers to live and establish themselves isolated and far away from the next inhabited area, and to
adapt agricultural use on the given natural resources and climate variability by running a more diverse
and small scaled agriculture.

Figure 6 schematically summarizes the presented hindrances for future land use intensification
and expansion given by the soil and climate conditions. Possibilities to increase the potential for
an agricultural development as well as the adaptions needed to guarantee that the agricultural
development is sustainable are also outlined in the diagram. Finally, it highlights the risks for
landscape and soil ecology.

Figure 6. Summary of hindrances, potential, maintenance measures, adaptions and risks concerning
the expansion and intensification of southern Greenlandic agriculture.
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4. Conclusions

The study evaluated the conditions for agricultural land use in southern Greenland, focusing on
the soil as the natural resource for food production. The results of this study illustrate three major
findings. First, even though the study area around Igaliku is characterized by more favorable climate
and partly more favorable soil conditions than other regions in southern Greenland, an increase of
summer temperatures and the length of the growing season, does not automatically increase the
potential for land use intensification and expansion. The main hindrance to expand or intensify
agricultural use is given by the low nutrient status and the unsuitable soil texture, which affects the
ability of soil to store water and nutrients. On the contrary, climate change with increased lengths
of dry periods poses new risks for yield production, especially due to the mentioned unfavorable
soil texture.

However, the SQI shows that, even though soil characteristics in general are not favorable, there
still can be found areas that provide better possibilities for land use expansion. In the study area, these
areas corresponded to those sites which were already used by the Norseman (980s–1450 AD). In the
context of sustainable landscape ecology, it seems to be essential to focus land use expansion on areas
that were used in medieval times.

Finally, the study revealed two major risks which can affect landscape ecology. The analysis
showed a trend for soil acidification on the already acidic soils. Furthermore, the unfavorable soil
texture poses a risk for nutrient leaching. To ensure a future sustainable land use, these two major
problems should be addressed.
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Abstract: Across the Gobi Desert in China and Mongolia, millions of newly planted trees struggle
to survive amid adverse ecological conditions. They were planted by a wide variety of actors in
an attempt to protect, restore, or modify the local environment, despite evidence of their negative
consequences upon local ecosystems. This paper investigates how these afforestation projects both
challenge and affirm recent theoretical work on conservation, while also providing key insights into
the decision-making framework of land management across the world’s third largest desert region.
This analysis, supported by evidence from corporate practice, government policy, and participant
observation, builds primarily on the work of Jamie Lorimer and other authors who identify the
charisma of certain species as a primary driver of contemporary conservation. But the case of
afforestation in the Gobi is inadequately explained by a desire to protect individual species; rather, I
show how the charisma at the level of the landscape influences conservation practice. I extend this
analysis to suggest that the management of deserts worldwide may be mediated by their perception
as absent or empty spaces, thus explaining projects like afforestation which seem to re-place rather
than conserve. Using the framework of absence and presence to better understand land use and
environmental governance could have implications extending well beyond the Gobi Desert.

Keywords: absence; afforestation; charisma; China; conservation; desertification; Gobi; Mongolia

1. Introduction

In recent decades, the practice of environmental conservation has become the subject of sustained
ethnographic inquiry. Researchers writing in the traditions of anthropology, environmental history,
and science and technology studies have examined how land management and its constituent sciences
are shaped not only by objective biophysical referents, but also by cultural inputs and human
bias. This paper builds on this literature by examining these recent theoretical developments in
the arid and semi-arid landscape of the Gobi Desert in Mongolia and China, a markedly different
setting to the bucolic countryside of Europe and the dense forests of North America from which
these theories originated. In particular, I examine the widespread practice of drylands afforestation,
which is supported by individual, corporate, and public actors across the Gobi region. This analysis
suggests that environmental conservation in the world’s third-largest desert is inexplicable by recent
critical scholarship that focuses rather narrowly on the role of charisma in individual species as the
drivers of conservation management practice [1–3]. In the Gobi, where afforestation efforts are largely
unconcerned with inter-species distinctions, what underlies conservation decision-making instead is
an epistemology of ecological wellbeing situated at the scale of the landscape itself. Put differently,
conservation actors are engaged in projects to promote landscape-wide flourishing, with little regard
for the welfare of constituent species. In this context, the role of charismatic organisms—usually
upheld as central to the “conservation assemblage” [1]—is secondary at best. Perhaps critiques thus
far have paid so much attention to the proverbial trees that they’ve failed to see the forest.
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2. Background

Contemporary critiques of conservation practice arose in part from the wider cultural turn
in anthropology and philosophy in the late 20th Century. As early as the 1990s, the perceived
marginalization of non-Western perspectives in land management led to sustained calls for integrating
more diverse voices into the politics and policies of environmental governance [1]. “Fortress
conservation” [2]—the exclusion of human inhabitants from protected natural areas—became the
flashpoint of a latent conversation within the conservation movement: what does it mean to protect and
care for the unbuilt environment? Were competing visions of conservation owed to information deficits
and inappropriate biases, or could there exist multiple conflicting but equally legitimate answers to
the questions at hand?

Traditionally, the answers to these questions were provided by conservation biologists, who represent
themselves as simultaneously positivist and normative in their practice [3]. The conservationist is at once
the impartial scientist and also the pro-environmental activist [4,5]—like Dr. Seuss’ Lorax, who “speak[s]
for the trees” [6]. But critics have challenged the orthodoxy that conservation biology practitioners can
simultaneously lay claim to ethical truth and natural fact. Without ever doubting good intentions,
questions arose as to whether the positivist enterprise of conservation could really achieve the detached
impartiality to which it lay claim [4].

William Cronon’s essay, “The Trouble with Wilderness” [7], has become a cornerstone of this
perspective. Writing in the mid-1990s, Cronon argues that the “natural”—as distinct from the
“human”—is a cultural invention, made possible by industrialization and urbanization, when people
first began to build environments that looked and felt radically different from farmland or forests. It
was in precisely this vein that authors began to raise pressing questions about whether conservation
biology itself is a culturally and politically mediated practice. These critiques suggest that a concept
such as biodiversity or wilderness may not be “a true object that science progressively uncovers, but . . .
an historically produced discourse” [4] (p. 54). Jamie Lorimer [3], in particular, has written at length
about how conservation science and policy emerge from an assemblage of human and nonhuman
interactions [8]; the scientific knowledge and management decisions that result are contingent, dynamic,
political, and disquietingly subjective.

The way in which society, political interests, and aesthetic bias come to bear upon these discourses
is not simply a matter of intellectual inquiry; the role of conservationists as experts of environmental
management brings real-world consequence to their practice [9]. What’s more, the backdrop of global
environmental change raises the stakes significantly. How landscapes transform in the Anthropocene
depends directly on how humans deliberate what constitutes good conservation and what is healthy
or harmful to nonhuman life. Yet even as many environmentalists embrace a cross-disciplinary
perspective (and as “The Trouble with Wilderness” enters the canon of environmental studies reading
lists), some conservationists bristle at the question of whether their own scientific methods are ensnared
in cultural entanglements. It seems that many of these researchers and practitioners perceive the
science of ecology as relatively insulated from the silty waters of culture. They assert that at a time of
global environmental destruction, critical theorists who question the epistemological underpinnings
of conservation can inadvertently arm anti-environmentalism or otherwise sew disunity among an
already fragmented movement [10,11]. This sustained divide between traditional ecology and a
conservation practice that acknowledges contingency [3,12] continues to frustrate efforts to assimilate
theory into practice. This paper focuses on the theory-practice nexus of one ecosystem in particular:
the arid and semi-arid drylands of the Gobi Desert.

In the following pages, I focus on the practice of afforestation (planting trees where they did
not previously grow) in the Gobi Desert in Northern China and Southern Mongolia (see Figure 1). I
present three miniaturized “scenes”, each an independent case study of an afforestation site, ordered
by increasing scale. I begin with a firsthand anthropological account from fieldwork conducted in
the Noyon administrative district in the summer of 2017; the second scene is a study of corporate
environmental remediation; the third examines national afforestation policies in Mongolia and
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China. While this regional analysis affirms much of the scholarship that identifies human bias
in conservation practice, it also poses a challenge to a key theoretical tenet: that conservation
management is explicable by a species-level ontology of the charisma of particular organisms in
combination with their broader ecological role [3,13]. Jamie Lorimer defines nonhuman charisma
“as the distinguishing properties of a nonhuman entity or process that determine its perception by
humans and its subsequent evaluation” [13] (p. 915). At the level of the species—“the basic unit of
conservation biology” [14] (p. 52)—environmental protection exhibits a tension between protecting a
group of designated organisms and using alternative epistemologies to determine desirable ecological
outcomes. The former tends to prevail, generating a species-centered practice that Ernest Small calls
“the New Noah’s Ark” [15] for its necessary exclusion of a large share of organisms. Those species
that are easier to identify and observe, aesthetically remarkable, and thrilling to encounter receive a
disproportionate share of attention from the global assemblage of conservation actors [15–17]. One
analysis found that the “flagship species” of environmental groups are best explained in terms of
marketing theory rather than ecological significance [18].

Figure 1. The Gobi Desert, with Noyon and Oyu Tolgoi. Imagery: Landsat/Copernicus; Data SIO;
NOAA; US Navy; NGA; GEBCO (2018). Data: Google (2018).

The case of Gobi afforestation, however, refuses to conform to this model of conservation. In this
regional instance, the planting of trees as an environmental intervention is insoluble in a species-level
ontology of environmental conservation. As shown below, afforestation is undertaken with a desire to
protect the environment and justified in scientific (rather than aesthetic) vernacular, yet the region-wide
effort is neither ecologically rational nor explained by a desire to protect one or more particular species.
The following scenes suggest that the mobilization of private industry and government resources
to plant trees in the Gobi is responding instead to nonhuman charisma at the level of the landscape.
Specifically, the aesthetic perception of deserts as barren, lifeless spaces leads actors to associate
afforestation with environmental protection. Lacking in “natural” charisma, the protection of the
desert is realized as its re-placement. In this instance, conservationists are filling the metaphorical ark
with whatever charismatic biomass is closest at hand—many of the scraggly native scrub species are
evidently of minimal interest. The discussion section of this paper addresses this in further detail by
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considering whether the landscape-level charisma of the Gobi is an exceptional case, or whether it
might generalize across more regions and biomes, particularly those landscapes perceived of as absent
before human eyes.

3. The Champion Herder

Despite the relative lack of plant agriculture [19], trees have always had a precious place in
Gobi society, and deliberate tree-planting in the region dates at least to the 13th Century [20]. But
preindustrial silviculture was made extremely difficult by the region’s climate. The Gobi is the world’s
third largest desert, with a current size over 2 million km2 [21]. Its edges are semi-arid, with annual
rainfall of less than 200 mm, but in its driest regions, precipitation is well below 100 mm annually [22].
On the Mongolian (north) side of the desert, cultivated agriculture is a rare sight, prohibited by
climate and the relative lack of groundwater wells. The landscape accommodates scrub vegetation,
including large areas of grassland on which nomadic and semi-nomadic herders graze a variety of
large herbivores [23]. Scattered trees are occasionally found in canyons and ephemeral streambeds,
well-positioned to capture a torrent of summer rainfall [22,23]. Marco Polo, who traveled across
Asia and met with the Emperor, Kublai Khan, noted that tree planting was a common policy in the
Mongolian Empire. Perhaps anticipating nine-hundred years of environmental theory, the Venetian
observed that both nature and culture were written into the Empire’s afforestation policy: a hybrid of
rural land planning and spiritual appeasement.

There is another regulation adopted by the Great Khan, equally ornamental and useful. At both sides
of the public roads he causes trees to be planted, of a kind that become large and tall . . . to point out
the road—when the ground is covered with snow.

. . . It may be added that the Great Khan is the more disposed to plant trees because astrologers tell
him that those who plant trees are rewarded with long life. [20] (pp. 228–229)

This sort of hybrid land planning—partly practical, partly spiritual—remains common today. I
found it epitomized by one “champion herder” who lives just beyond the dozen mirrored canyons of
the Noyon Syncline (see Figure 1). He had achieved public recognition for having over 1000 animals
in his herd. His economic success enabled him to plant an unruly grove of trees amid a landscape
otherwise dominated by coarse gravel. In the summer of 2017, the elderly grandfather toured me
around his miniature forest. I followed him into a small depression below the hill on which he made
his seasonal camp (like many Mongolian herders, he moved with his animals several times each year).
At the bottom of the basin we passed the pump house which drew up ancient rainfall into a maze of
irrigation hoses. A lush grove of young trees lay just beyond, the tallest reaching about four meters
in height. The old man explained that he had planted exactly 108 trees: an “auspicious number” for
Mongolians, he noted.

When I asked why he planted the grove, he told me he had a desire to “protect nature”. He
was aware that his small forest was a local biodiversity hotspot for birds and insects. He also gave
away seeds to his neighbors and expressed his pride that South Gobi Province was leading the tree
planting movement in Mongolia. When we sat down in a tiny gazebo in the center of the grove our
conversation turned to more spiritual matters. Three benches were arranged in the shade around a
table made from a tree trunk too wide to have come from his relatively young plantation. The herder
spoke with sadness about the local mining activity and the decline of nomadic herding. He said that
the rise of one and the tapering off of the other had both contributed to local land degradation. I was
reminded of similar conversations I’ve had with cattle and sheep ranchers in Western Wyoming, USA.
Our conversation was cut short by the arrival of the local shaman—he had come to conduct ceremonies
on the herder’s behalf, that he might better understand what was troubling the local land spirits.

Not unlike Kublai Khan’s, this champion herder’s tree planting expressed an epistemology of
ecological well-being that drew upon observed ecological phenomena but relied equally upon culture,
spirituality, and aesthetics in order to assess and draw conclusions from objective (i.e., “out there”)
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referents. What’s more, the herder was not especially concerned with the pre-interventionist state of
the landscape—he was improving rather than conserving. This may seem strange, given that the Gobi
is not short on threatened charismatic species; for instance, the elusive snow leopard is the focus of
extensive conservation efforts [24]. Yet afforestation at any scale does not appear to figure into a larger
plan to protect these large mammals, or to protect any particular species for that matter. Rather, the
champion herder wanted to “protect Nature”, writ-large. He looked out onto the steppe and saw a
lack of flourishing. The sparse desert scrub did not seem worth cultivating—it did not convey the
sort of vibrancy that a healthy environment would feature. In response, the herder aimed to create a
livelier landscape: most relevant was not the charisma of one species or another, but the cumulative
absence of aesthetic charisma from the ecosystem he called home.

A similar sentiment can be found in the discourse of Mongolian Buddhist religious leaders.
The proceedings from the 2005 Northern Buddhist Conference on Ecology and Development, hosted
in Ulaanbaatar, features a summary of recent reforestation efforts in the Gobi. Whilst described as
“conservation”, the planting of elm trees is advocated as “an organic means of commemorating the lives
lived” whilst making “an important contribution to fighting desertification” [25]. Land management,
in this case, belongs to the realms of both culture and nature, science and spirituality—without pretense
of pure rationality. While the herder’s grove is hardly an example of modern conservation biology, it
offers an archetype for how a landscape-level epistemology of an ecosystem motivates environmental
action that is entirely unconcerned with the welfare of already-existing charismatic species. I open
with this scene to hold a mirror to more modernist conservation practices in the Gobi, examining
differences and similarities alike. The following two scenes explore these parallels.

4. The Transnational Mining Company

Roughly 200 km east of the champion herder’s summer camp is Oyu Tolgoi, until recently the
world’s largest undeveloped combined copper and gold mine [26]. The mine is jointly owned by the
Mongolian government and Rio Tinto, one of the world’s largest mining companies [27]. Expected to
someday account for one-third of Mongolia’s GDP [28], Oyu Tolgoi has become a point of constant
reference in national political conversations. The mine is renowned for voluntarily pursuing an
ambitious target of “net-positive impact”, aimed at more-than-offsetting any ecological harm caused
in the course of its operations. To meet this goal, Oyu Tolgoi is employing “biodiversity offsets”,
detailed in an expansive environmental and social impact assessment (ESIA) [29]. The design and
implementation of the Oyu Tolgoi remediation plan has been praised for setting a new standard
in Mongolian extractive industry—a welcome contrast to the routinely poor practices that are
commonplace in the sector. Twice-annual audits for ESIA compliance have been undertaken since 2013
by independent consultancies in Canada and Italy, with results published online alongside shareholder
reports and an encyclopedic environmental management plan. Oyu Tolgoi was routinely praised
in my conversations with Mongolian NGO employees, who felt it set a new standard for extractive
industry in the country.

But even Oyu Tolgoi is planting trees in the Gobi where before there were none. In 2014, Oyu
Tolgoi planted over 10,000 saxaul trees, using irrigated plots to ensure the trees’ survival [30]. Curiously,
Oyu Tolgoi’s own ESIA states that the mine expects “no certain losses to offset” [29] on the local saxaul
groves. That is, Oyu Tolgoi is planting trees not as a like-for-like remediation, but rather as an
offset to other ecological harm, such as water contamination, airborne dust, and habitat destruction.
The harm that Oyu Tolgoi has set out to remedy is not concerned with one species over another; like
the champion herder, the perceived damage exists on a landscape-level ontology that is taxonomically
irreducible. Within that framework, the planting of saplings is not about the trees per se; it is a
socioecological compensation for other types of environmental harm. Such practices evoke what Mette
High, in her research on Mongolian artisanal and small-scale (ninja) miners, calls cosmoeconomics. High
documents the practice of corporate and small-scale miners employing lamas to conduct “appeasement
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ceremonies” at the groundbreaking of new mines, partly to placate angered land and water spirits [31]
(p. 101).

There is an additional strangeness worth noting about Gobi afforestation. An abundance of
evidence suggests that tree plantations in the Gobi Desert do more to exacerbate ecological degradation
than repair it. Ecologists studying Gobi afforestation have written at length about the foolishness of
planting trees in this arid and semi-arid region [32–34]. Rather than stabilizing topsoil and preventing
desertification, newly-planted trees increase soil erosion by upsetting the surface water equilibrium
due to increased evapotranspiration. Particularly in windy areas such as the Gobi, this increases
evaporation and depletes soil moisture. The resulting topsoil is drier and more susceptible to
wind- and waterborne sediment transport, further degrading soils and increasing desertification.
Post-perturbation recovery in dry climates is a slow and difficult process, possibly requiring hundreds
of years for an ecosystem to resemble its pre-disturbance state [35]. What passes as a biodiversity offset
is more like a damage multiplier.

A report by the World Bank’s East Asia and Pacific Environment and Social Development
Department investigated several tree-planting initiatives in the Mongolian Gobi. In 2004, thirty-three
million seedlings were planted in Mongolia across nearly ten-thousand hectares [22]. A partial survey
of these planting sites yielded striking results: among those sites in the Gobi, none had a survival
rate higher than eight percent; a majority of surveyed plots had no living trees at all. The reasons for
this lack of success were numerous, but most often stemmed from inadequate management such as
degraded fencing and insufficient irrigation. The World Bank report also highlighted poor site selection
as a confounding factor: none of the Gobi sites were located in areas that could support trees without
irrigation. The authors note that one site was located in an area where the water requirements of the
saplings were 150% of annual rainfall. The report also noted a strong bias toward planting species
that were particularly ill-suited to the Gobi climate. Even as native saxaul plantations struggled, much
costlier Gobi sites were developed with elm, poplar, willow, and tamarix. These sites, roughly thirty
times more cost-intensive per hectare than the saxaul sites, reveal a generous bias toward non-native
or rarer tree species. Perhaps unsurprisingly, these trees that have received such a disproportionate
share of resources bear little resemblance the scruffy demeanor of saxaul; they are archetypes of the
forest: tall, lush aliens in the desert landscape.

In Oyu Tolgoi’s 2017 shareholder report, a photo shows rows of smiling employees holding
saplings beneath a vast nursery canopy [36]. Is it possible that this act of ecological charity is
not so different from the champion herder’s grove or from the trees that lined the avenues of
13th-Century Mongolia? Even this multinational mega-mine’s practice of conservation maneuvers
between biophysical referents and subjective preferences. At the end of the day, the irrigated saxaul
grove near Oyu Tolgoi, exponentially larger than that of the champion herder, also represents a vision
of ecosystem wellbeing that is neither wholly “cultural” nor entirely “natural”, and is clearly invested
in the flourishing of the landscape rather than the welfare of a subset of its charismatic inhabitants.
The planting of trees at mining sites like Oyu Tolgoi shows landscape conservation taking the form
of landscape substitution. Actors stage a recuperation by replacement, inserting organisms that did
not and would not have existed otherwise. That this landscape-level conservation is practiced by a
giant of global capitalism suggests that the champion herder mentioned above may be more of an
exemplification than an exception.

5. The National Policies

Perhaps Marco Polo would not have been surprised to know that nearly a millennium after his
visit, the Mongolian government once again mandates the planting of trees. The 2012 Minerals Law
introduced a policy of exponential afforestation:

18.1 The central state administration in charge of geological and mining affairs shall exercise the
following authority:
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...

18.2.11 to develop a method, a methodology and a procedure for planting ten trees for every cut down
tree and foresting [sic]

...

114. The mandatory rehabilitation of environment affected by prospecting, exploration, mining and
processing activities:

...

114.4 A license holder shall be obliged to plant 100 trees in place of each tree that was cut down in the
course of prospecting, exploration, mining and processing activities. [37]

The central government has passed these laws despite the inability to sustain many tree
plantations without groundwater irrigation, depleting fossil reserves that hydrogeologists classify as
“non-renewable” [38].

This contemporary practice of state-sponsored afforestation also echoes 20th Century policies
across Europe and Asia, in which high-modernist statecraft frequently turned to tree-planting. Nazi
Germany, Mussolini’s Italy, and the Soviet Union under Stalin all sponsored ambitious afforestation
programs [39]. Of these, the earliest and longest-lived was the Soviet Union’s “Great Stalin Plan for
the Transformation of Nature”, which sought to create nearly six million hectares of new forest to
serve as shelterbelts along the southern border, intended to stop dry winds coming from Central
Asia and increase precipitation in Southern Russia [39]. While these practices were concerned
with environmental engineering and resource management, their proponents also saw landscape
modification and conservation as a means to foster national identity and ecological nativism [40].
Dr. Konrad Guenther, a German conservationist, asserted in the early 1930s that “the chords of the
German soul are tuned to nature. Let us allow nature to speak, and let us be happy to be German!”
(qtd. in [39]). In all of these programs, the image of the forest seems to serve as nature’s archetype:
healthy, resilient, and worthy of protection.

The history of afforestation in the Gobi is relatively more recent. Qing-era China showed little
interest in forest management, especially compared to the regenerative forestry practiced by Japan
beginning in the 18th Century [41]. In the earth 20th Century, Chinese leaders including Mao Zedong
showed little interest in environmental issues [39], but his successors have pursued an ambitious
afforestation project for the past five decades. A US $7 billion tree planting initiative has been
underway since 1978 [42]. The Three-North Shelterbelt, also known as the Great Green Wall, is the
world’s largest tree planting project [43], an attempt to slow the northern winds coming across the
Gobi and prevent soil erosion and airborne dust [44]. Fifty-billion trees [45] have been planted in the
hopes of slowing the expansion of the desert and reducing the severity of regional dust storms that
carry as far as Beijing [46]. It appears that this instance of afforestation—“the dominant ecological
engineering program in China” [44] (p. 14)—has emerged without the same Tibetan Buddhist roots as
its Mongolian counterparts, but persists despite ecologists’ continued claim of its perverse outcomes.
While China’s National Forestry and Grassland Administration describes the Shelterbelt as a “great
success” [47], Chinese ecologists have decried these afforestation efforts at length, for all the same
reasons listed above [48]. As of 2005, the survival rate of trees planted as part of the Three-North
Shelterbelt was 15% [33]. Ironically, these efforts may be counteracting a decade-long upward trend in
regional precipitation that led the Gobi to contract by as much as 18% between 2000 and 2012 [21].

Is the Shelterbelt relevant to other instances of Gobi afforestation? The Great Green Wall is
undoubtedly a conservation program, meant to “protect” non-arid landscapes from a desert which
is perceived as encroaching. Nowhere in this discourse is there a consideration that desert itself
might need protecting—it is as if the desert is separate from Nature in a way that the forest is not.
Furthermore, the aims and methods of the Shelterbelt seem largely unconcerned with protecting
vulnerable species. What seems to drive this ecological mega-project is the fear of an infectious absence
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in the Gobi. Chinese engineers have been tasked with its containment. The resulting conservation plan
seems to embrace the ethic, don’t just stand there—plant something! Evidently native species don’t count.

Jiang Gaoming, an ecologist at the Chinese Academy of Sciences, astutely observes that the
government is “trying to make forests, that is, planting trees in areas that did not have forests
distributed, or are at least treeless in the last several thousand years” (quoted in [49]). The making
of forests exhibits the characteristics of a completely secular, modernist, landscape-level ontology of
conservation, but still vulnerable to the aesthetics of charisma. In this particular case, government land
managers set out to do precisely what took place at Oyu Tolgoi and at the champion herder’s home:
to substitute one landscape with another, gardening in the name guardianship. It was as though the
mere insertion of these saplings, with their own vital energy, would enliven a landscape threatened by
infertility. In these acts of conservation, the Gobi is being re-placed with forest.

6. Discussion: Geographies of Absence

In these case studies, conservation practice is not fully reducible to ecological rationality and the
allure of charismatic species. The planting of non-native trees across this desert expanse is irreducible
in mainstream ecological and theoretical accounts of conservation. Rather, Gobi afforestation seems to
involve a rowdy cast of characters that are rarely present in contemporary literatures of conservation
planning and practice. In some instances (e.g., Section 3), environmental protection is primarily
concerned with religiously-inflected aesthetics. In other instances, a modernist, interventionist vision
of human-nature relations structures land conservation as engineering projects. But a common thread
connects these: afforestation-as-conservation poses an important counternarrative to the conventional
wisdom that conservation is primarily driven by species-level charisma.

To a large extent this paper builds upon the work of Lorimer [3] and others, showing how
conservation is indeed a messy assemblage. But the context of the Gobi reveals an analytic container
that is not fully sealed. To date, the dominant scholarship that frames conservation as a hybrid
of natural science and cultural inputs has focused primarily on the charisma of plant and animal
life [13], and on species in particular, as the drivers of a hybrid conservation assemblage that is
more-than-human and more-than-science. Much of this is framed by discussions of “charismatic
megafauna”—most often birds or large mammals—that disproportionately occupy the attention of
conservation biologists’ scientific practice.

In a telling illustration, a review of over 63.5 million UK biological records indicates that 65% of
all entries document bird species. A further 22% concern vascular plants. The remaining 13% of total
records spans all non-avian vertebrates, lower plants, fungi, and invertebrate life forms [50]. It is no
surprise that these data focus on the most charismatic species of the British Isles and neglect those
that less effectively captivate human interest. Jamie Lorimer, noting this genomic injustice, writes
that “UK conservation is guided less by the panoptic logic of biodiversity and more by a taxonomy of
nonhuman charisma” [3] (p. 75).

Yet in the context of Gobi afforestation, charismatic organisms do not seem to figure prominently
in the logic of conservation. Indeed, biologists hired by mining companies and governments
seem relatively uninterested in protecting indigenous life forms. Conservationists instead insert
unthreatened species into an alien ecology, suggesting that a verdant, charismatic, synthetic landscape
is preferable to a “natural” one. In this regional study, conservation management is not driven by the
presence of charismatic species but rather by their absence—a quality that can only exist at the level of
the landscape.

I close this paper with a conjecture: there is something about drylands that disrupts the role of
species-level charisma in motivating land management. If true, this particular phenomenon could
have important implications for how humans across cultures manage desertscapes. Conservation
biology in landscapes with high net primary productivity usually takes the form of protecting what
is (or was) already there, often framed around keystone or flagship species. By contrast, attempts to
protect the Gobi take the form of inserting the largest possible organisms into a landscape frequently
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described as “barren” or “empty”.1 Is this furnishing fullness to eliminate absence? Does an “empty”
landscape connote sickness and a “full” one indicate health? I propose that absence itself may be a
worthwhile object of study, to better understand the dynamics of landscape conservation in the deserts
of the world.

Perhaps a more appropriate conservation strategy for the Gobi would not be invested in creating
more life or filling a void. This would require disposing of our usual metaphors for understanding
ecosystem health, e.g., as a body or a population [51]. Indeed, the naming of landscape-level charisma
calls for a return to certain biophysical basics to counter this bias. Such an approach would embrace
absence and shift focus to species diversity, resilience, equilibria, or geologic indicators such as
soil transport and groundwater reserves. It would be critical of species-level ontologies with the
architecture of flagships and keystones. It would be skeptical of top-down human interventions,
particularly those that re-place the landscape with non-native critters. Above all, this approach
would be cognizant of the discursive mode in which land managers represent—or misrepresent—the
flourishing of landscapes.

A final question lingers: could this same geography of absence present itself in other ecosystems?
There are parallels waiting to be drawn: consider the relatively high rate of alpine conservation
compared with lowland conservation, or the precipitous state of global blue-water marine habitat—an
altogether different type of desert but with an undeniable aura of absence [52]. Even further afield, we
may consider how absence adds context to aerospace engineers’ increasingly urgent warnings about
the growing dangers of orbital space debris [53]. Taken as a whole, a much broader critique emerges,
suggesting that the bulk of conservation practice is dedicated not just to charisma but to reinforcing
presence—of mountains, large mammals, deep canyons, striking butterflies, mighty rivers, and forests.
How might environmentalists better harness their resources and knowledge to protect those spaces
that are, by nature, absent before our human eyes?

7. Conclusions

This paper traces the hybrid ecologies of the Gobi along the roots of its newly planted groves.
How and why these afforestation programs emerged ties together ecology, charisma, modernity, and
the geographies of absence. While the present analysis does not necessarily generalize beyond the
Gobi, I see no compelling reason to suggest that it is limited to this one region. Jamie Lorimer has
already illustrated the hybridity of conservation practice on a variety of scales.

In 2015, the conservation and ecology journal Oryx published a special issue on trees. Peter
Crane writes in the opening editorial that “The charismatic megaflora are a gift to the whole of
humanity bequeathed to us by millions of years of evolution” [54] (p. 378). It is difficult to imagine
the same adulatory words written about seaweed, scrub, or the biotic communities in soils—those
less charismatic flora and bacteria. It seems even less probable that the same could be written about
“the desert” at large. This paper suggests that when charisma, presence, or cultural affinity cambers
the perception of landscapes as healthy or ailing, land management can veer toward ecological
irrationality—species need never enter the conversation. It appears that the afforestation efforts in
the Gobi are exemplary of this. Identifying this phenomenon asks environmental managers to hold a
mirror to their practice and interrogate biases—however large or small—that might influence how we
shape and inhabit the deserts of the world.

Funding: The research was funded by the Economic and Social Research Council and the Global Challenges
Research Fund, grant number ES/S000798/1; and by the University of Oxford John Fell Fund, grant
number 00005620.

1 It bears noting that, more than most plants, trees have particularly anthropomorphic qualities (linguistically evidenced by
their limbs, trunks, and crowns). In this sense, desert afforestation could be read as populating an absent landscape.
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Abstract: Transformation or modification of vegetation distribution and structure in arid riparian
ecosystems can lead to the loss of ecological function. Mexico has 101,500,000 ha of arid lands,
however there is a general lack of information regarding how arid riparian ecosystems are being
modified. To assess these modifications, we use eight sites in the San Miguel River (central Sonora)
to analyze (1) riparian vegetation composition, structure and distribution using field sampling
and remote sensing data from Unmanned Aerial Vehicles (UAV); (2) productivity (proxies), using
vegetation indices derived from satellite data; and (3) variability posed by riparian vegetation
and vegetation adjacent to riparian habitats. The development of a simple yet informative
Anthropogenic-disturbance Index (ADI) allowed us to classify and describe each study site. We found
sharp differences in vegetation composition and structure between sites due to the absence/presence
of obligate-riparian species. We also report significant difference between EVI (Enhanced Vegetation
Index) values for the dry season among vegetation types that develop near the edges of the river but
differ in composition, suggesting that land cover changes form obligate-riparian to facultative-riparian
species can lead to a loss in potential productivity. Finally, our tests suggest that sites with higher
disturbance present lower photosynthetic activity.

Keywords: riparian ecosystems; Sonoran desert; remote sensing; land cover/land use

1. Introduction

It has been thoroughly documented that human activities, which modify water availability and
promote drastic habitat modifications, have caused dramatic changes in riparian vegetation of arid
ecosystems in the American southwest [1–4]. Due to the similarities between geographic and ecological
conditions of this region and the Mexican northwest, it is reasonable to expect that the disturbance
processes could be similar, although fewer studies of riparian ecosystems in the Mexican northwest
have been conducted.

Water availability in the Mexican northwest is critical, since many of its watersheds and
groundwater sources are overexploited, due to intensive use by economic activities such as agriculture
and cattle ranching [5–7]. Moreover, previous work suggests that water management practices could
potentially modify the structure and function of key ecosystems in arid environments [3,8–10]. In this
sense, recent studies describe how groundwater depth restricts the establishment of riparian vegetation
in watersheds located in arid environments of central Sonora (northwestern Mexico), particularly in
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places where high levels of groundwater depth coincide with a denser distribution of agricultural
wells [8]. Groundwater levels can also affect surface runoff, possibly narrowing the river channel;
a negative correlation has been found between channel width and the percentage of agricultural
land use along the river sides, in several rivers in Sonora [11]. Alteration of groundwater levels and
surface runoff can prevent the establishment of obligate-riparian species such as Salix gooddingii and
Populus fremontii [12], sometimes causing the complete loss of riparian vegetation or its replacement
by drought tolerant desert species like Prosopis sp. or Acacia sp.; these changes in composition can
have several consequences on the ecosystem: loss of local biodiversity [13], increase the susceptibility
to invasive species [3,14], loss of riparian native corridors [15,16] and decrease in vegetation indices
values [17].

Riparian ecosystems are often considered hotspots for ecosystem services [18–20]. In arid
environments, this is evident since most economic, social and cultural activities are closely tied
to this systems [21–23]. Therefore, riparian ecosystems in arid environments are highly dynamic in
terms of changes on land use and land cover [24,25]. These changes often result in the modification of
the structure and function of riparian vegetation due to active change (e.g., the clearing of riparian
vegetation to establish agricultural areas) or changes introduced by constant pressure posed by human
activities (e.g., Cattle Ranching) [11,26,27].

For arid environments, there is a lack of information regarding the assessment of disturbance,
however, it is of utmost importance to understand how different disturbance-causing activities are
changing riparian habitats in Sonora, and how these changes could be compromising the provision of
ecosystem services. Since agriculture and cattle ranching are the main subsistence and commercial
activities in the region and because these activities are registered to be the ones that cause the greatest
changes in ecosystems all over the state [28,29], we consider them as playing an essential role when
assessing disturbance in riparian habitats. Also, for a region with critical water availability issues it is
important to have a better understanding of how human activities are changing riparian ecosystems,
thus, the monitoring of different vegetation parameters and the generation of a disturb-based
classification method can help assess the ecological condition of these ecosystems in Sonora.

Different remote sensing techniques can be used to identify areas where obligate-riparian
vegetation is being transformed in terms of its composition, aerial images can be especially useful
to discriminate vegetation types along rivers [30,31]; at the same time satellite image analysis can be
used to derive vegetation indices [32–34] which can provide important information about the behavior
of the ecosystem in terms of its productivity. Previous studies using remote sensing suggest a trend
towards the modification of riparian vegetation, due to the establishment on facultative species in
north western Mexico [8,35]. However, assessments using high spatial resolution imagery to evaluate
the previous (using UAV’s) are scarce.

The objective of the present study was to analyze disturbance and its effects on function and
structure of riparian habitats in arid regions of northwestern Mexico. For the previous we explore the
combined use of satellite imagery, Unmanned Aerial Vehicles (UAV) photography and field vegetation
sampling to assess the differences and similarities within and between 8 disturbed sites along the San
Miguel River in central Sonora. Also, we evaluated several characteristics of riparian vegetation and
the adjacent desert scrub: composition, diversity, cover and photosynthetic activity (represented by
the Enhanced Vegetation Index, EVI). Finally, we assessed the disturbance degree by the development
and application of the ADI.

By following the suggested approach, we will be able to assess how disturbance at the local level
affects riparian vegetation variables (composition, structure, diversity and cover) and how changes in
these relate to shifts in function (photosynthesis) at the landscape level.

2. Materials and Methods

In order to assess disturbance of riparian habitats we developed specific qualitative parameters
and applied them during site visits. Following this, we evaluated structure, composition and cover of
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vegetation on different sites along the river by field sampling. To complement site description, we used
aerial imagery to define which vegetation types were present in each site and determine plant cover.
Finally, satellite imagery was used to derive the EVI.

2.1. Study Area

The San Miguel river (SMR) is located in the central part of the northern Mexican state of Sonora
(Figure 1), between 30◦45.75′N–29◦6.5′N latitude and 111◦4.11′W–110◦21.1′W longitude and it is a sub
watershed of the much larger Sonoran river watershed. It has an extension of 3845 km2. These two
rivers (San Miguel and Sonora) are the main sources of water for the capital city of Hermosillo.
The mean annual temperature is of 21 ◦C and the mean annual precipitation is of 421 mm. The 8 study
sites are located along the San Miguel River, two in the northern part, two in the northern-central, two in
the southern-central and two in the southern part. According to Shreve and Wiggins [36] classification,
the SMR is located in the Plains of Sonora, which is designated as Arbosuffrutescent Desert and it is
characterized by the presence of Olneya tesota trees and Encelia farinosa bushes. Classification made by
the National Institute of Geography and Statistics establishes the following types of vegetation and land
uses in the area: oak forest, oak-pine forest, microphyllous desert scrub, mesquite forest, xerophilous
mesquital, subtropical scrub, native and introduced grasslands, riparian vegetation and agriculture.
The main economic activities in the region are agriculture and cattle ranching. There is a total of 8266
hectares of irrigated lands, 75% of which correspond to forage production [21]. These activities have
developed in the region over hundreds of years, however in the past decades, due to the technological
advances and the intensive use of riparian habitat, the system has become very dynamic in terms of land
cover shifts. On top of this, it has been reported that the SMR aquifer shows signs of overexploitation
based on recharge-extraction analyses; official data reported an annual deficit of 1,500,000 m3 [7],
although the most recent update reports an availability of 17,508,107 m3 [5], which arises some
confusion and concern due to the fact that this last number was based on a 2008 hydrogeological study
elaborated for a mining project. Given the above, riparian habitats show different scenarios where
water availability has become an economical [22], social [21,23] and ecological [8,37] issue that needs
to be addressed by managers and land owners.

The study sites where selected through satellite image observation and exploration field trips.
Final selection was based on the presence of several land uses of interest: agriculture, livestock grazing,
human settlements, roads, recreational activity and the presence of riparian vegetation.

Figure 1. Location of study area.
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2.2. Disturbance Assessment

To establish the degree of disturbance on each site, we developed a series of qualitative criteria
regarding (1) the intensity and type of human activities; (2) the state of the riparian vegetation; (3) the
presence/absence of surface water. Classification of sites was made through applying the ADI, which
evaluates the sites according to several criteria (Table 1). A number was assigned to indicate the
presence, absence, evidence or intensity of the features observed: superficial water flow, Populus
and/or Salix species, cattle, agriculture, roads and/or human settlements and recreational activity.

Although the San Miguel River is an intermittent river [38,39], superficial water flow can be
continuous during rainy season. Average precipitation in the region during the sampling year was
of 382 mm [40]. Since field sampling was done through the rainy season, superficial water flow was
expected to be present and, thus, it was considered among the classification criteria. Populus and
Salix species are particularly susceptible to groundwater fluctuations and their absence could be an
indicator of groundwater scarcity. Livestock and agriculture are the most common economic activities
in the area, so their presence and closeness to the river was considered for site classification. Human
settlements and recreational activity can also be sources of disturbance so they were also considered
for site classification.

The selection of the criteria used to develop this index is based on literature that evaluates
human water use and its impacts on river flow in the American southwest; these studies report that
overexploitation of rivers has caused a reduction in the presence of riparian trees such as Populus
fremontii and Salix gooddingii [12,13]. Agriculture, livestock grazing, human settlements and recreational
activity were also considered as criteria since these are the main disturbance types reported for riparian
ecosystems [4,24,41]. Criteria selection and structure for the index was also based on the environmental
condition of riparian areas, as a methodology reported by González and García [42]. The criteria and
interpretation of the index values are explained on Tables 1 and 2.

Table 1. Criteria used to determine the ADI.

Yes VALUE Little/Few VALUE No VALUE

Superficial
water flow

Continuous flow 1 Intermittent flow 2 Dry riverbed 3

Presence of
Populus and/or

Salix species

High frequency
of these species 1 Lower frequency

than other trees 2 Absence of these
species 3

Presence or
evidence of cattle

Absence of cattle 1
Evidence of

grazing, feces, or
buffel grass

2 Cattle was seen near
or around the river 3

Agriculture
No agricultural
areas were seen 1

Presence of
agricultural areas

smaller than
100 sq. meters

2
Agricultural areas

less than 500 m
from the river

3

Roads and/or
human

settlements

Study site
located 500 m

away from any
road or house

1 Presence of roads
but no houses 2 Houses and roads

near the river 3

Recreational
activity

No human
presence or

infrastructure
1

Human presence
but no

infrastructure
2

Evidence of human
presence (parking
places, grills, trash

cans, trash)

3
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Table 2. Interpretation of the ADI values.

ADI Disturbance Category

6–8
Low: there’s no observable evidence of anthropogenic disturbance. Superficial water flow is continuous (during
rainy season); vegetation is dominated by obligate-riparian species.

9–11
Low-medium: there’s an observable evidence of human activities in low intensity; vegetation is dominated by
obligate-riparian species.

12–14
Intermediate: superficial water flow may be intermittent, human activities diversify; vegetation is characterized
by the presence of facultative-riparian species along with obligate-riparian species.

15–17
Medium-high: superficial water flow is intermittent or the riverbed is dry, human activities diversify, absence of
obligate-riparian species and dominance of non-riparian species.

18
High: dry riverbed, human activities intensify, absence of obligate-riparian species and dominance of
non-riparian species.

2.3. Field Measurements and Derivation of Diversity Index

Vegetation description on each site was made through the registry and derivation of several
variables (Table 3). Field sampling was done following the relevé method and protocol [43].
Two major vegetation types where sampled on each site (riparian vegetation and adjacent desert
scrub), the purpose of this vegetation description was to compare the variation of several vegetation
characteristics of riparian sites and of the adjacent desert scrub sites.

Table 3. Variables used for the vegetation description.

Variable Description How Was It Measured?

Composition The list of species found in each stand. Field identification and registry, herbarium identification.

Cover
Vertical crown or shoot-area projection for
each vegetation strata (herbs, shrubs and
trees) per plot.

Continuous (65%) = crown touching.
Intermittent (30–64%) = interlocking or touching crowns
interrupted by openings.
Open (29%) = crowns not touching or infrequently touching.

Richness
Total number of species per stand (for tree
and shrub strata only). Count the different species present on each stand.

Diversity
Diversity of each stand (for tree and shrub
strata only). Represented by the Shannon-Weiner diversity index.

Dominance
Tree and shrub species with the highest
number of individuals per stand. Count the number of individuals per species.

Two sampling units (stands) were established on each site, one for riparian vegetation and another
for the adjacent desert scrub located approximately 200 m from the first stand and in the opposite
direction of the river, this distance was considered enough to go past the transition area between
riparian vegetation and the adjacent desert vegetation. San Juan Ranch was the only site where desert
scrub was not sampled, due to time and climate restrictions.

Field sampling consisted in identifying vegetation strata and registering composition and cover
for each. First, a 30 × 30 m square was delineated, in which tree species where registered along with
the number of individuals per species, cover was estimated for the whole tree strata. Then, a second
square of 10 × 10 m was delineated inside the first one and shrub species, number of individuals and
strata cover were registered. Finally, a third square of 1 × 1 m was delineated inside the second square
and the number of different herbaceous species and strata cover were registered. Two repetitions were
made, resulting in a 30 × 90 m (three repetitions per vegetation strata in each sample) stand with a
total of 2700 sq. meters sampled for each vegetation type on each site.

For each sampling site we calculated diversity of the tree and shrub strata by the derivation of
the Shannon-Weiner diversity index [44]. Diversity of the shrub and tree strata for each stand was
estimated using the Shannon-Weiner diversity index:
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H′ = −
s

∑
i=1

pilog2 pi

where S is the total number of species, pi the proportion of individuals of each species based on the total
of individuals (ni/N), ni is the number of individuals of each species and N the total of all individuals
of all species.

2.4. Aerial Imagery Sampling and Mosaicking

Aerial imagery acquisition requires two processes. First, obtaining aerial images in the field and
second, processing those images for the orthomosaic generation. A total of 13 flights were performed
in the different study sites, using a UAV (Unmanned Aerial Vehicle). See Supplementary Materials for
spatial and temporal specifications of each flight (Table S1). The following subsections describe the
process of the image acquisition and orthomosaic generation.

2.4.1. Aerial Imagery Sampling

For the acquisition of aerial images several flights were performed at each study site. See Supplementary
Materials for flight requirements and image specifications (Table S2). All flights were performed during
growing season (August, September and October 2016) with the purpose of recording vegetation cover
at its greatest; and during the day (between 11 a.m. and 2 p.m.) to ensure appropriate light conditions.

2.4.2. Mosaicking process

The image processing is based on pattern recognition, which establishes a relationship between
a pattern (vector of features describing an object) and a class label; those features can be spectral
reflectance, texture, emittance values from optical imagery, or geographical features and the object can
be a single pixel or a set of adjacent pixels forming a geographical entity [45].

The mosaicking process is performed by photogrammetry software. The process consists on
finding common points (keypoints) between the images. When the same keypoint is found on 2
different images they are matched and this will generate a 3D point (Pix4D). These 3D points are
needed to generate a Point Cloud from which a Digital Surface Model and an Orthomosaic will derive.
This process requires a high overlap between images, which in most cases is at least 75% (Pix4D).

Since the UAV has a built-in GPS, all images taken were automatically georeferenced and no
ground control points were needed. Georeferenced images from each flight where added to the
photogrammetry software for the stitching process, resulting in a total of 13 orthomosaics with an
approximate area of 5 hectares each. The spatial resolution expected from the orthomosaic is of 3 cm.

2.5. Satellite Imagery

Satellite data was obtained as a land surface reflectance (LASRC) from the Landsat 8 OLI
(Operational Land Imager)/TIRS (Thermal Infrared Sensors) Pre-Collection L1T data type, directly
from the United States Geological Survey ‘Earth Explorer’ website; these products are radiometrically
calibrated and orthorectified using ground control points and digital elevation model data to correct
for relief displacement [46]. Landsat 8 data includes 11 bands, from which 7 of them (1–7) were selected
and processed in ERDAS IMAGINE 9.2 to create the final stack. Bands 8, 9, 10 and 11 were not used.

Since the study area comprises two Landsat 8 scenes and because we wanted to compare
photosynthetic activity variations between two seasons, a total of 4 scenes were chosen for two
different dates on 2016: May and September. See Supplementary Materials for scene specifications
(Table S3).

The vegetation index was derived for the complete four scenes but the only pixels involved in the
analysis were those corresponding to the digitalized areas from the orthomosaics, obtained from the
UAV analysis previously described.
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2.6. Vegetation Index Derivation

Vegetation indices (VI) are designed based on the spectral response to light of each type of
vegetation; this is how indices can provide qualitative and quantitative measurements that can be
used to describe photosynthetic activity, structure characteristics and canopy density, among other
variables [47,48]. As explained by the previous references, several VI have been related to structural
aspects of vegetation, such as Leaf Area Index (LAI); this parameter is related to the amount of available
photosynthesizing biomass. The previous can be used as a theoretical basis to derive Net Primary
Production from satellite data, as explained by Running et al. [49].

The Normalized Difference Vegetation Index (NDVI) is commonly used in arid regions because
of their strong seasonality change but when vegetation density increases during the growth season
NDVI can reflect high values with very little variation, which can be interpreted as a spectral signal
saturation [50]. Thus, another vegetation index was selected for this study, the Enhanced Vegetation
Index (EVI), which presents higher sensitivity in areas where vegetation is dense and it is less prone to
light saturation.

Enhanced Vegetation Index (EVI) is derived by using the following equation:

EVI = G
ρNIR − ρred

ρNIR + C1 × ρred − C2 × ρblue + L

where ρ is the surface reflectance with atmospheric correction, L is the canopy background adjustment;
C1 and C2 are the aerosol resistance coefficients, as described by [50].

EVI values range from 0 to 1, those closer to 1 indicate a greater density and photosynthetic
activity of vegetation, those closer to 0 indicate vegetation is scarce or less productive. Although EVI
values do not reflect a direct amount of Net Primary Productivity, it is considered as an accurate
measure of photosynthetic activity, which is related to the amount of biomass.

2.7. Land Cover Assessment

Once obtained, we used orthomosaics to identify the different vegetation types in the sample areas.
Our class scheme (Table 4) was developed using observations from the field (regarding community
composition and stand physiognomy) and previous classification studies conducted in the area [8].
In order to simplify the classification scheme, all desert vegetation types adjacent to the river is referred
to as “Desert Scrub”, even though the formal designation for the Plains of Sonora region (as described
by Shreve and Wiggins 1964 classification) is Arbosuffrutescent Desert.

Division of riparian classes (Riparian Vegetation and Riparian Mesquite Woodland) is based
mainly on the differences in composition between two classes. Considering that Riparian Vegetation is
composed mainly by obligate-riparian species and Riparian Mesquite Woodland by facultative-riparian
species [51].

Land cover distinction was done through field observation and comparing the field sampling
sites with what was shown on the orthomosaic, thus the field sampling sites served as ground control
points. Differentiation between land cover types, on the aerial photography was possible through
(1) extensive training on the field and (2) training on the analysis and management of each orthomosaic
generated. Therefore, our land cover classification was conducted via “heads up digitizing” analysis
through expert knowledge. Some of the main elements of photo interpretation used for this analysis
were: color (different tree species vary in color), cover (e.g., riparian mesquite woodland tends to
be denser than riparian vegetation), distribution, frequency and pattern (e.g., bare ground patches
dominated by columnar cacti like Stenocereus thurberi and Lophocereus schottii).
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Table 4. Land cover descriptions.

Land Cover Class Description Literature

Riparian Vegetation

The most important tree species found in riparian ecosystems in Sonora
are Salix goodingii and S. bonplandiana, Prosopis velutina and
Populus fremontii. Common shrubs include Baccharis salicifolia, Hymenoclea
monogyra, Acacia constricta and A. farnesiana, Celtis pallida, Nicotiana glauca.

Scott et al. 2009 [11]

Riparian
Mesquite Woodland

Common vegetation found on streamways includes Prosopis, Parkinsonia
florida, Olneya, Acacia greggii and Acacia occidentalis. Common shrubs
include Celtis pallida, Baccharis sarothroides and Lycium.

Shreve and Wiggins, 1964 [36]

Desert Scrub

Open scrubland with small, low-branching trees, with irregular colonies
of shrubs and widely spaced columnar cacti (Stenocereus thurberi,
Lophocereus schottii). Parkinsonia, Olneya and Prosopis find their optimum
conditions, alternated with colonies of Larrea. Common shrubs include
Phaulothamnus spinescens, Mimosa laxiflora and Celtis pallida.

Shreve and Wiggins, 1964 [36]

Herbaceous cover
This cover was considered as an independent class, due to the amount of
cover variation between seasons, which has a considerable influence on
EVI values.

All herbaceous cover identified
from the orthomosaic was

integrated in this class.

2.8. Cover Estimations from the Combination of Aerial and Satellite Imagery

Cover estimations were derived from each orthomosaic. Orthomosaics were displayed on top of
the satellite scenes (Figure 2) and the image pixel was used as the measuring unit for the vegetation
types seen on the orthomosaic, thus, every orthomosaic was divided in a grid of 30 × 30 m cells.
Orthomosaic area selection consisted in selecting those pixels with more than 90% of visible coverage
and excluding pixels with more than 10% of visual errors such as dark parts (generally pixels at the
edges of the mosaic) or pixels with too much shadow.

Figure 2. Left: Orthomosaic showing the river section in Galera site. Right: Image showing the
over-positioning of orthomosaic on Landsat scene, each square represents a Landsat pixel.

Estimations were made for each of the 900 square meter Landsat 8 pixels by direct digitalization
using GIS, starting in the inferior left corner of each pixel and continuing clockwise. Measures were
registered for each vegetation type found on each pixel and then added to have a total sum for each
cover class; this sum was converted into a percentage based on the total area used for digitalization.
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2.9. Photosynthesis Analysis on Land Cover Classes

Using EVI values as a variable for vegetation function, a comparison was made among all land
cover classes, among particular land cover classes of interest and between photosynthetic activity and
disturbance. EVI values were selected as described below.

Each pixel of the Landsat 8 scenes has a unique EVI value. The interposition of the orthomosaic
over the Landsat scene allowed us to discern the vegetation types of each pixel, thus having a precise
distinction of the photosynthetic activity for each class, which facilitated its comparison. Not all pixels
of the orthomosaics were used for the photosynthesis analysis, only those where the land cover class
covered more than 50% of the pixel. This pixel selection was done to guarantee that the photosynthetic
activity signal corresponds to a dominant land cover class.

2.9.1. Seasonal Photosynthetic Activity per Land Cover Class

Photosynthetic activity variation within each vegetation type was analyzed in order to determine
if there’s a significant difference among them. EVI values for both seasons (May and September) and
for each land cover class were selected and residuals for change were obtained by subtracting May
EVI values from September EVI values. A Kruskal-Wallis test was applied to the residues of each land
cover class. This analysis was applied to all land cover classes present in all of the study sites.

2.9.2. Photosynthetic Activity of Riparian Vegetation and Riparian Mesquite Woodland

The first step for this analysis was to identify which sites represented Riparian Vegetation and
Riparian Mesquite Woodland along the edge of the river. The objective is to compare the physiological
response (measured as photosynthetic activity) of two land cover classes that develop in the same area
and supposedly have the same resource availability (in this case, water).

In order to assess the differences in photosynthetic activity between the two riparian land cover
classes (Riparian Vegetation and Riparian Mesquite Woodland), EVI values for both seasons (May and
September) were selected and analyzed using two Mann-Whitney tests for each site, one for May-data
and another for September-data.

2.9.3. Photosynthetic Activity and Disturbance

Photosynthetic activity represented by the vegetation index is an important parameter to assess
vegetation condition. Thus, it is important to know how this parameter varies in relation to disturbance.

Since the ADI was applied to evaluate the condition of riparian sites, this analysis only includes
data from land cover classes developed near the river (Riparian Vegetation and Riparian Mesquite
Woodland). In order to establish if there’s a relation between photosynthetic activity values of riparian
vegetation and disturbance, a linear regression was applied between EVI average values for September
and the ADI values for each site.

3. Results

3.1. Site Classification According to the ADI

Results of the Anthropogenic-disturbance Index application are presented on Table 5. Distribution
and ranking of study sites are presented on Figure 3.
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Figure 3. Distribution of sites along the sub watershed.

The two northern sites have an intermediate level of disturbance—they are approximately at
a 10 km distance from the largest town (Cucurpe) and share the presence of cattle near the river.
Both sites present some type of management. Cienega stands out due to the presence of cattle all over
the site. On the other hand, the Living Fences site presents living fence rows made of Salix an Populus
species in several river sections of the site, all of them in different stages of growth.

All central sites present the lowest level of disturbance, low-medium, which was unexpected
because most of the sites are ranches were different types of management are definitely present.
In spite of this, the vegetation on these sites did not show signs of great disturbance, their main
common characteristics are: the presence and dominance of obligate-riparian species such as
Populus fremontii and Salix gooddingii, the presence of a constant superficial water flow and the absence
of recreational activities.

The two southern sites are the ones with the highest level of disturbance (Cajon and Nogalera)
and have certain similarities such as the absence of obligate-riparian trees and the presence of at least
three human activities developed around the river. Commercial agricultural activity in Nogalera
stands out, due to the presence of extensive pecan tree (probably Carya illinoinensis) fields about 500 m
away from the river. El Cajon stands out due to the presence of intense recreational activity.

3.2. Cover, Composition and Diversity from Field Estimations

Field measurements are presented for Riparian Vegetation and Desert Scrub stands on each site.
Cover is presented as a percentage and it was estimated for each vegetation strata (herbs, shrubs and
trees). Composition was determined for the bush and tree strata on each site. Diversity was derived
from field data applying the Shannon-Wiener diversity index.
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3.2.1. Vegetation Strata Cover for Riparian Vegetation and Desert Scrub Stands

Riparian Vegetation in all sites shows an herbaceous cover of 50% or more, this can be due to
the fact that field sampling was done during the growing season. Shrub cover is variable among all
sites, the lowest percentages in Aguilar Ranch, Cienega and San Juan Ranch can be due to the constant
presence of cattle and the negative effect it has on shrubs [4,11,26,52–55]. Trees cover more than 30% of
the area in most sites (Figure 4), which indicates certain stability among the canopy. Although tree
composition in all sites varies, canopy stability is important to maintain riparian habitat conditions.

Figure 4. Cover percentage for vegetation strata on the riparian vegetation stands.

Desert Scrub cover (Figure 5) varies greatly among sites, this makes sense given the distinct
terrain characteristics of each site. The two most disturbed sites (El Cajon and Nogalera) differ greatly
in herbaceous and shrub cover. Shrubs have the highest cover in El Cajon (sampling site was a rocky
hill) and the lowest in Nogalera (sampling site was a plain). Herbaceous cover on the Nogalera site
stands out as the highest of all sites. Tree strata is higher in the northern site Cienega (63%) and lowest
in the other northern site Living Fences (7%), sampling stand in this last site was a steep rocky hill.
In contrast with riparian sites, covers for desert scrub are considerably low.

Figure 5. Cover percentage for vegetation strata on the desert scrub stands.

3.2.2. Shrub and Tree Composition for Riparian Vegetation and Desert Scrub Stands

Riparian Vegetation stands represented a dominance of obligate-riparian trees such as Populus
fremontii, Fraxinus velutina and Salix gooddingii, for sites Aguilar Ranch, Cienega, Living Fences,
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Galera, San Juan Ranch and Tomas Ranch (Table 5). El Cajon and Nogalera sites were dominated by
facultative-riparian and non-riparian tree species such as Prosopis velutina and Parkinsonia florida.

The bush strata in half of the sites were dominated by naturalized/disturb-indicator species
such as Ricinus communis and Nicotiana glauca (Table 6). It is important to note that buffel grass
(Cenchrus ciliaris) was present in both southern sites, very close to the river, in low frequency but higher
in Nogalera than in Cajon. Nogalera site was the only site where a desert tree (Parkinsonia florida)
presented the highest number of individuals in the Riparian Vegetation stand, other Desert Scrub
species were also found near the dry riverbed such as Cylindropuntia leptocaulis and Lophocereus schottii,
although in low frequency.

Desert Scrub stands are dominated by facultative-riparian and desert species (Table 7). Some bushes
such as Celtis pallida share their distribution between stands and are found along almost every site.

Facultative-riparian tree Prosopis velutina was the most common tree found in both the riparian
and desert habitats, most of the time having a higher number of individuals on the Desert Scrub stands,
except for sites El Cajon and Nogalera, where mesquite trees were present in a much higher frequency
in the Riparian Vegetation stands than in the Desert Scrub stands.
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3.2.3. Shrub and Tree Diversity and Richness for Riparian Vegetation and Desert Scrub Stands

Shannon-Weiner diversity index results (Table 8) shows that, for Riparian Vegetation, one of the
least disturbed sites (Galera) has the higher value and one of the intermediate disturbed sites (Cienega)
has the lowest value. In general, half of the sites had higher diversity values for the Desert Scrub and
the other half had higher diversity values for Riparian Vegetation. Both of the southern sites (El Cajon
and Nogalera) present high levels of shrubs and trees diversity.

Table 8. Shannon-Weiner diversity index and richness values for Riparian Vegetation and Desert Scrub
stands, for each site (shrubs and trees).

Riparian Vegetation Desert Scrub

Shannon-Weiner Diversity Index Richness Shannon-Weiner Diversity Index Richness

Aguilar Ranch 1.5821 8 1.6510 11
Cienega 0.4957 4 1.1365 9

Living Fences 1.8725 13 1.8230 11
El Cajon 1.8535 11 1.7179 7
Nogalera 1.3557 12 1.9141 14

Galera 1.9389 11 0.9598 7
San Juan Ranch 1.8029 11

Tomas Ranch 0.5909 3 1.0350 11

3.3. Land Cover Assessment from Aerial Imagery

A total of 15 orthomosaics were derived from UAV flights, 8 correspond to Riparian Vegetation
sites and 7 to Desert Scrub sites (Figures 6 and 7).

Figure 6. Cover percentage for Land Cover Classes for each site, derived from orthomosaics of
Riparian sites. RV (Riparian Vegetation), RMW (Riparian Mesquite Woodland), DS (Desert Scrub),
H (Herbaceous cover).

Tomas Ranch has the highest cover of riparian vegetation, which may include trees as well as
shrubs and when compared with field measurements it can be established that most of the riparian
vegetation in this site is represented by shrubs. Cienega is the next site with the highest cover of
riparian vegetation, which is dominated mostly by ash trees (Fraxinus velutina). Aguilar Ranch stands
out to be the site with less vegetation coverage for all land cover classes, this could be due to the
closeness of agriculture fields to the riparian study site. Cajon and Nogalera sites differ from the rest of
the sites because riparian vegetation here is represented by mesquite woodland. Cajon has the highest
cover of Riparian Mesquite Woodland and most of it is composed by shrubs. This high percentage of
cover could be related to the physiography of the place, since its surrounded by low hills which could
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lower species dissemination to adjacent places and promote species gathering in the same area [44],
this could also explain the high richness and diversity of this site. The high percentages of herbaceous
cover also mean there are more open spaces between the canopy, along with the fact that none of the
classes cover more than 60% of the terrain, this can be a sign of landscape modifications and species
dominance shifts [56].

Figure 7. Cover percentage for Land Cover Classes for each site, derived from orthomosaics of
Desert Scrub sites. RV (Riparian Vegetation), RMW (Riparian Mesquite Woodland), DS (Desert Scrub),
H (Herbaceous cover).

Living Fences and Tomas Ranch have the highest cover for Desert Scrub class. The steep hill where
Desert Scrub was sampled in Living Fences site can be a cause of its cover reaching 50%, preventing
the place to have continuous disturbance such as the one caused by cattle, since it would not be as
easy to graze on the hills as it is on flatter terrains. Even though disturbance was not assessed on
the Desert Scrub sites, in some places management practices were evident, such as in Tomas Ranch,
were half of the site was covered with buffel grass, which comprises at least half of the Desert Scrub
cover percentage.

3.4. Photosynthetic Activity Analysis

3.4.1. Seasonal Photosynthetic Activity per Vegetation Type

The analysis of variance performed with the residual EVI values of May and September shows
a clear seasonal difference between the Desert Scrub class and the rest of the cover classes and
minor differences among the other classes (Riparian Vegetation, Riparian Mesquite Woodland and
Herbaceous Cover), this could be due the relative stability of water availability for riparian vegetation
and the opposite for desert scrub, thus showing a drastic increase on photosynthetic activity during
the rainy season in some of our sites (Figure 8).

Desert Scrub class values in Aguilar Ranch show to be higher than any other class, meaning that
this class has a higher seasonal variation. Riparian Vegetation and Herbaceous cover show the lowest
residual values, indicating a low seasonal variation in its photosynthetic activity.

Desert Scrub residual values indicate a strong seasonal photosynthetic response. The other two
classes present values lower than zero indicating that May’s photosynthetic activity is higher or similar
to September’s photosynthetic activity.

Desert Scrub and Herbaceous residual values are the highest in this site, indicating a higher
seasonal variation than the other classes. Riparian Vegetation shows values below zero, indicating that
in some cases May’s photosynthetic activity is higher or similar to September’s photosynthetic activity.
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Figure 8. Differences among residual values of each land cover class in Aguilar Ranch, El Cajon and
Tomas Ranch. RV (Riparian Vegetation), RMW (Riparian Mesquite Woodland), DS (Desert Scrub),
H (Herbaceous cover). Aguilar Ranch: H = 28.23, P ≤ 0.001, N = RV(16) RMW(24) DS(11) H(13).
El Cajon: H = 14.76, P ≤ 0.001, N = RMW(44) DS(5) H(14). Tomas Ranch: H = 33, P ≤ 0.001, N = VR(17)
MR(15) MD(5) MD-Buffel(11) HE(17).

3.4.2. Photosynthetic Activity of Riparian Vegetation and Riparian Mesquite Woodland

There were five sites with Riparian Vegetation and Riparian Mesquite Woodland present along
the edges of the river. September EVI values show no significant difference for most of the sites but
two (San Juan Ranch and Tomas Ranch). These two sites are ranches close to each other, they have
a low-medium disturbance and riparian tree species are dominant in both. On the other hand, May
EVI values show a significant difference between the two classes on four of the sites, with Riparian
Vegetation maintaining higher photosynthetic activity than Riparian Mesquite Woodland (Table 9).
This suggests that even when Riparian Mesquite Woodland establishes near the river it stills requires
having precipitation to maintain photosynthetic activity values similar to those of Riparian Vegetation.

Table 9. EVI averages for May and September for sites with Riparian Vegetation (RV) and Riparian
Mesquite Woodland (RMW). Significance level (P). Values with * show a significant difference.

EVI-May
P

EVI-September
P

RV RMW RV RMW

Aguilar Ranch 0.408 0.372 0.132 0.432 0.408 0.228
Living Fences 0.364 0.221 0.003 * 0.361 0.425 0.145

Galera 0.364 0.406 0.009 * 0.484 0.469 0.132
San Juan Ranch 0.330 0.201 0.001 * 0.456 0.349 0.001 *

Tomas Ranch 0.388 0.211 0.008 * 0.436 0.354 0.001 *

3.4.3. Photosynthetic Activity and Disturbance

We performed a correlation analysis between EVI and ADI values of seven of our sites (we exclude
Cienega since it presented unique conditions). Our finding suggests that disturbance, as measured
by the ADI, could partially predict photosynthetic activity of a site (estimated by EVI) (Figure 9).
Productivity decline in riparian ecosystems has been reported as one of the main consequences
of disturbance caused by human activities, such as water deviation, agriculture, raise-cattle and
mining [4,20,41]. More specifically, vegetation indices such as NDVI and EVI have been found to have
a relationship with many climatic variables and also with surface and groundwater levels, finding
that, in many cases, the indices decline with deeper levels of groundwater and with decreased flood
flows [17,57].
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Figure 9. EVI-September values of Riparian Vegetation relation with the Anthropogenic Disturb Index
(ADI). R2 = 0.448, P = 0.100.

4. Discussion

4.1. Disturbance in the SMR Watershed

There is no previous study in the SMR that analyses disturbance in riparian ecosystems. Previous
land use and vegetation classification studies in the area have found that agriculture and cattle ranching
are the activities that contribute the most to land cover dynamics [8], which is consistent with the
present study given that those activities were present in all of the study sites and are determinant
to the disturbance degree of riparian habitats. Different indices that evaluate ecological parameters
in riparian habitats have been used in many places in Mexico [15,58–60], all of them use vegetation
parameters such as composition, cover and species density to estimate riparian habitat condition.
The ADI proposed in this study includes composition and human activities mainly but not cover.
Even though cover is not included in the ADI, our results show that this parameter could be related
to disturbance.

The Riparian Quality Index (RQI) developed by Gonzalez and Garcia [42] uses several vegetation
characteristics (e.g., continuity, regeneration and composition) and hydro-morphological factors to
evaluate the ecological condition of rivers, even though this index was designed for a particular
European riparian environment, most of its elements can be used in other environments. Even though
the ADI shares some similarities with the RQI, our main focus is the assessment of disturbance to
evaluate the ecological condition of rivers.

Distribution of disturbed sites along the river shows that those with the highest ADI are located in
the south, closer to the city of Hermosillo. These results are consistent with previous studies [23] that
demonstrate how peri-urban communities experience changes in land use due to urban water transfer,
these changes include the loss of agricultural land and habitat transformations due to recreational sites
establishment. The two most disturbed sites in the present study (El Cajon and Nogalera) have been
modified by non-typical activities for the region: commercial agriculture and the other is recreational
activity. These activities require a different management and resource administration compared to
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other more traditional activities (such as subsistence agriculture). Therefore, ecological modification of
the riparian habitat by either of the activities mentioned could represent new scenarios for local people.

Sites located in the central part of the sub watershed have a low-medium disturbance, most of
them are ranches. This stands out due to the fact that ranches are places with frequent human presence
and most of the times include some type of resource management. In this case, it could be that the
effect of disturbance is not so strong due to the relatively small size of the ranches, where human
activities are present but not necessarily intense.

The northern sites present an intermediate disturbance degree; they both include some type of
management. In the case of Cienega there’s an intense presence of cattle, which could be related to the
low shrub cover in both Riparian and Desert habitats, which was less than 10% in both cases. Living
Fences site stands out due to the presence of cottonwood and willow fences along the edges of the
river, it is important to notice that most of the riparian tree cover was composed by these living fences,
that is, almost no other riparian trees were found that were not managed. These living fences are a
main characteristic of the traditional type of agricultural activity in the region. Considering the high
disturbance degree found in these riparian habitats, the present study could be an update on what
Nabhan and Sheridan [61] called a “stable agroecosystem in the upper San Miguel,” stating that it is
not necessarily stable if disturbance is so high and riparian vegetation so scarce, although living fences
might still hold some additional benefits to the riparian habitat.

4.2. Cover and Composition of Riparian habitats and Desert Habitats

Field estimations show that Riparian Vegetation cover is higher than Desert Scrub cover, for all
vegetation strata; which is most likely due to resource availability and physical characteristics in
riparian habitats which enable vegetation growth, such as soil moisture, organic matter deposition and
groundwater [62].

Herbaceous cover was the strata with the highest values for both habitats but it did not reach
100% in any site. Since herbs and shrubs are the most affected by cattle [4], it is interesting to note that
one of the places with greatest cattle presence (Cienega) shows a 90% herbaceous cover and a 5% shrub
cover, in the riparian habitat. In this particular site, cattle might be having a greater effect on shrub
removal and the high percentage of herbaceous cover may be a response to the climatic conditions at
the time of sampling (rainy season). The same situation can be seen in the desert habitat for the same
site, where shrub cover is only 7%.

Compositions of both habitats present some similarities, such as Prosopis velutina, Parkinsonia
florida, Celtis pallida and Lycium berlandieri. Riparian habitats show the presence of exotic species
Ricinus communis and Nicotiana glauca in most of the low-medium disturbed sites. Ricinus communis is
considered as an indicator of disturbed habitats [63]. Nicotiana glauca is widely common in Sonoran
rivers [64] and high dominant values in its presence have been found in many places where half of the
land has been transformed to agriculture [11]. It stands out that these species were found in the sites
with the lowest disturbance degree.

Even though many desert species can be found on riparian habitats, this study considers that
the abundance and high presence of these species can be a sign of change in the riparian ecosystem.
This can be seen in the two sites with the highest disturbance degree (Cajon and Nogalera) where
Prosopis velutina and Parkinsonia florida dominated the tree strata. The presence of cacti such as
Cylindropuntia leptocaulis and Lophocereus schottii, along with the presence of the invasive buffel grass in
riparian habitats of these two sites, could also be an indicator of a gradual vegetation transformation
or an increase of aridity in the riparian habitat.

Diversity of shrub and tree strata in Cienega is the lowest for riparian habitats, this might be
due to the fact that most of the canopy was dominated by a single tree species Fraxinus velutina and
almost no other tree species were present. Something similar can be seen in Galera, where the desert
habitat has the lowest diversity value and the composition shows a dominance of mesquite in the
sampling site.
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Contrary to what was expected, vegetation class covers derived from orthomosaics (UAV) show
similar averages for both habitats. Riparian habitat shows a 25% cover for Riparian Vegetation and a
23% for Riparian Mesquite Woodland and Desert habitat shows a 21% cover for Desert Scrub and a
27% for Riparian Mesquite Woodland. These similarities can also be a sign of degradation of riparian
habitats, where vegetation cover is expected to be higher than in desert habitats. Although when
riparian habitat covers are compared within each site, Riparian Vegetation presents higher covers than
Riparian Mesquite Woodland in all sites, except for those where it is not present (Cajon and Nogalera).
In the desert habitat, Riparian Mesquite Woodland has a higher cover than Desert Scrub in most of
the sites.

4.3. Photosynthetic Activity of Riparian Habitats and Desert Habitats

Differences in EVI averages between riparian and desert habitats are consistent with other
findings [8,17,35] where a higher productivity is attributed to riparian vegetation when compared
to its adjacent vegetation and with the fact that water availability promotes vegetation productivity
in riparian habitats [55,65,66]. Also, the seasonal difference in EVI values for desert habitat is much
greater than in riparian habitat, showing that riparian habitats maintain more stable productivity rates
than desert habitats, which respond drastically during the growth season when water is available
through precipitation.

Riparian vegetation shows higher EVI average values than Riparian Mesquite Woodland in
most of the 5 sites where these two classes are present; this was consistent for both seasons.
This photosynthetic activity variation is important and could mean that, even when both classes
share the same environment and water availability, Riparian Vegetation remains more productive than
Riparian Mesquite Woodland. Soil characteristics between these two classes might explain part of the
productivity differences, since, as registered by Trujillo [67], Riparian Vegetation in the San Miguel
river has a greater amount of carbon and nitrogen and also greater mycorrhizal activity, than Riparian
Mesquite Woodland.

The productivity-disturbance inverse relationship shows to be significant and consistent with
what has been reported before [41], in terms of productivity decline being one of the main consequences
of disturbance (according to ADI scores). Based on EVI analysis, our results suggest that riparian
sites with high disturbance due to human activities (which include changes in water availability,
as suggested by previous studies [8,23,35] and changes in the composition and structure of vegetation)
have lower photosynthetic activity (and hence productivity) than less disturbed areas.

The use of aerial photography in this study was very helpful to perform a detailed classification
analysis since different vegetation types can be easily identified with high spatial resolution imagery.
Also, digitalization of the different vegetation types allows for very accurate cover estimation, due to
the clear visualization of tree and shrub canopies. In addition, when combined with a coarser resolution
sensor (OLI) we were able to identify the exact productivity values for each vegetation type, which
was an essential part of this study.

5. Conclusions

According to our analysis, the increase of land-cover-change associated human activities can
increase disturbance on the vegetation of riparian ecosystems in the San Miguel River. As disturbance
increases, photosynthetic activity of Riparian Vegetation decreases.

The two sites with the highest degree of disturbance according to the ADI are characterized
by the development of particular activities (non-traditional) that were not found in any other site,
such as commercial agriculture and recreational activity. Riparian composition in these two sites
differs greatly from riparian vegetation in the rest of the sites, due to the almost total absence
of obligate-riparian species. Composition in places with the highest disturbance is dominated by
facultative-riparian species.
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The presence of non-riparian species and facultative-riparian species in riparian habitats is not
uncommon, in this study we suggest that the dominant presence of such species could be related to
the intensity of human activities developed in the site. Further studies need to be made to sustain or
dismiss this suggestion.

Disturbance as measured by the Anthropogenic-disturbance Index shows to have no significant
effect on shrub and trees richness and diversity. Further studies would need to assess herbaceous
composition and diversity and its relation to disturbance.

Unmanned Aerial Vehicles constitute an efficient tool to assess and monitor riparian ecosystems.
Further studies or management proposals should take this into account for the development of regular
monitoring programs on arid and semi-arid watersheds. The remote sensing methods used in this
study should be further explored for the study of riparian ecosystems. Especially the use of high
efficiency drones could be applied for a more extensive mapping of riparian habitats. The coupling of
aerial technologies along with free-access satellite data, is a feasible option for riparian characterization
and monitoring.

In spite of their small extension and of being highly variable, riparian habitats in arid regions are
of crucial importance, an evidence of this is the capacity of Riparian Vegetation to maintain higher
photosynthetic activity levels than other vegetation types such as Riparian Mesquite Woodland and
Desert Scrub. Since riparian habitats demonstrate high variability in terms of land use, we believe that
it is necessary to increase the number of studies regarding their composition and the effects/threats
posed by human disturbance. For the previous, the present study provides potential tools to evaluate
the effects of different management practices on riparian habitats in arid environments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-445x/7/1/13/s1,
Table S1: Spatial and temporal location of each flight performed. (R) and (D) after site name indicate flight
performed over riparian vegetation (R) and over adjacent desert scrub (D). SMH is the abbreviation for San Miguel
de Horcasitas municipality, Table S2: Flight requirements and image specifications, Table S3: Characteristics of
Landsat 8 scenes.
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Abstract: From a Mongolian ‘super mine’ to China’s One Belt One Road, rapid infrastructural
development is reforging Central Asia as an economic pivot of the future. Such development offers
enticing economic benefits, but threatens fragile environments and local livelihoods. Due to the
weakness of the state, the emphasis will be on citizens to hold developers accountable to their
social and environmental pledges. Reports of political elites influencing the demands of popular
protests call into question the ability of citizens to fulfil this function. This paper examines protest
authenticity in Kyrgyzstan, focusing on an environmental social movement against Kumtor gold mine.
We trace the emergence and evolution of the social movement, identifying the flexible discursive
and scalar strategies it uses to achieve emphasis of the local level and relevance on the national
scale. The discussion focuses on how national political saliency may incentivise elite involvement
with social movements. This involvement can mask the local demands of the social movement,
fixing the environmental problem as a national issue. It is crucial to understand the scalar dynamics
of elite-protest interaction if Central Asian civil society is to hold future infrastructural developments
to account.

Keywords: Central Asia; Kyrgyzstan; infrastructure; environment; mining; social movements; protest;
environmental justice; subversive clientelism

1. Introduction

In 1904, Halford Mackinder identified Central Asia as the geographic “pivot of history” [1]
(p. 1). Today, this region is being reforged as an economic pivot of the future. The world’s longest
gas pipeline and two of the world’s largest open-pit mines have been constructed, and the world’s
tallest dam is on track to come online in 2018 [2–4]. These developments are reliant on foreign
capital looking to exploit the mineral reserves and geostrategic positioning of the region. However,
these large infrastructure projects can have myriad environmental impacts, including land degradation,
biodiversity loss, dust generation, water pollution and water depletion, which threaten the health
and livelihoods of communities living in Central Asia’s steppe drylands [5,6]. The significant risks
and rewards of development projects mean that the extractive sector in the region is a ‘battleground’,
with local, national and international actors all fighting for their interests [7]. This is a dynamic interface,
with discourses constantly being rejected, recycled and reproduced to suit the shifting strategies of this
diverse set of actors. Here, we examine how the changing landscape of this ‘battleground’ influences
the evolution of a local social movement against Kumtor gold mine in Kyrgyzstan. While Kumtor
demonstrates how existing infrastructure in Central Asia is heavily contested and has largely failed to
live up to local expectations, future developments like China’s $1 trillion One Belt, One Road (OBOR)
project continue to progress apace [8]. It is essential to understand how specific discourses enable or
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prevent citizen protest from holding infrastructure development to account in Central Asia when faced
with “repression from a state-capital symbiosis” [9] (p. 16).

While there are a variety of definitions of Central Asia, this paper will use the broader delimitation
which included “Afghanistan, northeastern Iran, Pakistan, northern India, western China, Mongolia
and the former Soviet Central Asian republics” [10] (p. 24). The mineral resources of this region are
“a geologist’s paradise”, but “a pain” to develop [11,12]. The landforms of the region are restrictive of
infrastructural development, from the KyzylKum and KaraKum deserts of the west to the Tian Shan
and Pamir mountains of the southeast. This landscape can “thwart and crush infrastructure” [8] (p. 62).
However, much of the blame for slow development has been attributed to the weakness of the state.
The role of the state has been the focus of much of the expanding literature on infrastructure projects in
Central Asia. Scholars have identified infrastructure as a tool of nation-building [4,13,14], a question of
sovereignty [15–17] and a source of rent-seeking [18]. From this state-centric viewpoint, the emergence
of environmental social movements opposing infrastructural developments in Central Asia occurs
due to the absence of the state. The failure of the state to meet society’s basic economic needs
allows elites to capture community support by providing material or symbolic investments [19,20].
Elites can then use ‘public’ protests as “weapons of the wealthy” to achieve their private political
goals [19] (p. 1). Alternatively, the contrast between the financial strength of foreign investors and the
perceived weakness of the state can lead to questions of sovereignty, with the potential to trigger social
movements demanding resource nationalisation [15].

In these theoretical discourses, the local scale is subordinate to the national scale, with local
people’s actions dictated by political elites. Recent scholarship on anti-mining social movements
in Mongolia [9,21] and Kyrgyzstan [22,23] has attempted to offset the supremacy of the state as
the preeminent scale of analysis. This work highlights local communities’ concerns about the
environmental impacts of infrastructure projects, especially risks to water supply in this arid region.
Infrastructural development in mountainous areas threatens the “primary source of fresh water for
Central Asia’s rivers and aquifers”, while infrastructural demands for water in drier areas often
endanger the health and environment-dependent livelihoods of isolated pastoral communities [24]
(p. 979). In addition to posing a threat to water supplies, infrastructural development can exacerbate
natural dust generation, which is a significant health risk to communities in Central Asian steppe
drylands [5]. This health risk is aggravated by the potential for infrastructural accidents, such as dam
failure or toxic spillages. These perceived threats can generate an ‘environmentalism of the poor’,
causing local ‘eco-mobilisations’ to arise largely independently of other scales and actors [22].

In order to mediate between these two contrasting bodies of literature, there is a need to engage
directly with the scalar and temporal dynamism of environmental protest in the Central Asian
context. We attempt to understand how protests evolve in time and space, using a ‘politics of scale’
approach to provide a nuanced understanding of environmental mobilisation against Kumtor gold
mine in Kyrgyzstan. This paper first examines the literature on the emergence and evolution of social
movements in Central Asia. We endeavour to tease out the spatial limitations of current theories and
introduce ‘politics of scale’ as a theoretical lens. Next, the origin and development of local opposition
to Kumtor is explored, with an emphasis on the strategies the movement uses to set ‘scales of meaning’
and to scale-jump. The discussion then focuses on the tensions that arise when social movements
attempt to position the local scale as the legitimate scale of meaning for environmental conflicts,
while simultaneously forming coalitions with other actors to scale-jump local claims to national and
global levels. The majority of the academic literature suggests that these local and scale-jumping
strategies are complementary [25,26], but this paper will argue that once social movements scale-jump
to the national level they are more vulnerable to being co-opted by national actors to achieve alternate
political ends.
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2. Theories of Environmental Activism in Central Asia

2.1. Activism and the State

Environmental movements against infrastructure developments are on the rise in Central Asia.
There have been anti-mining movements in Mongolia [9,21], environmental justice movements in
Kazakhstan [27] and Tajikistan [28], and a variety of environmental protests in Kyrgyzstan [22].
This rise of environmental activism has been interpreted in academia largely through the lens and at
the scale of the state. Academic analysis of the role of the state in Central Asia has a distinguished
pedigree. Following their delimitation by Soviet “nation-makers” in the 1920s [29,30], the Central
Asian nations underwent a reluctant “catapult to independence” initiated by the collapse of the Soviet
Union in 1991 [31,32]. As Central Asian political elites focused on constructing a “common-sense of
belonging” in these artificial and multi-ethnic nations, academic scholarship on the region began to
concentrate on their strategies of state and nation building [30,33–36].

This statist and elite-centric focus is pervasive in contemporary scholarship on Central Asian
infrastructure. Fillippo Menga [4] demonstrates how large-scale construction projects intersect with
elite-led nation-building in the case of Rogun dam in Tajikistan. The symbolic value of the hydraulic
project enables the ruling elite to disseminate its own idea of the nation, progress and development.
Similarly, the Turkmenistan–Afghanistan–Pakistan–India (TAPI) natural gas pipelines project is
understood as a ‘virtual pipeline’; its primary value exists in its generation of domestic discourses
of progress [37] (p. 1). While the construction of border roads in Kyrgyzstan is conceptualised as an
unruly process, often escaping the political visions that initiate them, the state is still the actor with
primary political agency [17]. Infrastructure projects have considerable political potency in this region.

Academic accounts of the state and infrastructure in Central Asia have also highlighted the
endemic problem of corruption. In Uzbekistan, the state is experienced as organised crime [38],
while in Kyrgyzstan the state has become “an investment market” for members of the elite [39].
Much of this “criminalisation of the state” in Kyrgyzstan is centred around the Kumtor gold mine [40].
Allegedly, members of the Akaev regime were involved in the laundering of up to $15 million using
offshore vehicles [41]. In addition, a Kumtor executive estimated that half of the mining-funded Issyk
Kul development fund disappears annually [42]. Political elites in Central Asia have maintained a
“façade of compliance with international anticorruption standards” while consistently exploiting the
state for private economic gain [43] (p. 26).

The dominance of the state-centric viewpoint has meant that analysis of resistance to infrastructure
projects is often conducted through the lens and at the scale of the state. A primary way that statist
literature understands social movements against infrastructure is as resource nationalism—the demand
that the government increase its control over national resources [15]. Resource nationalism has been
implicated in Kazakhstan [44], Mongolia [15] and Kyrgyzstan [7]. Its origin is often traced to the
disparity between the wealth created by resources and levels of national poverty, contributing to
a “growing sense amongst the citizens of mineral-rich countries that they have not received an
appropriate share of the benefits” of resource extraction [45] (p. 10). This distrust of foreign investment
is enhanced by the cultural changes that can come with it. In the case of Oyu Tolgoi mine in Mongolia,
the decline of local herding coupled with the influx of Chinese mine workers trigger fears of Chinese
colonization and threats to Mongolian national identity [13,15]. Resource nationalism does not emerge
from the local level but is a strategy that “domestic elites employ in order to increase their control of
natural resource” and gain political advantages [16,46] (p. 38).

State-centric accounts have also attributed the emergence of environmental social movements
to subversive clientelism. Subversive clientelism is the theory that citizens may participate in
environmental protests because elites ask them to [19]. This ‘protest inauthenticity’ has been implicated
across Central Asia, from the state-managed ‘Astroturf’ protests in Russia [47] (p. 33) to the ‘rent-a-mob’
phenomenon in Kyrgyzstan [48]. In Kyrgyzstan, the failure of the state to meet society’s basic
economic needs has allowed elites to capture community support by providing material or symbolic
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investments [19,20]. When it is politically expedient for them, elites use mass support obtained through
this subversive clientelism to mobilise against the state. In addition to developing their own support
base, elites develop ties with other autonomous elites to expand their informal patronage networks [19].
The existence of a ‘rent-a-mob’ phenomenon is supported by a survey-based study in Kyrgyzstan,
which found that 5.13% of respondents were offered some kind of compensation to participate in an
environmental protest [22].

Theorisations of resource nationalism and subversive clientelism as triggers for environmental
protests in Central Asia are heavily contested in the literature. These theories are considered to be
reductionist, as they rely on material incentives, rational choice and cultural norms to interpret the
behaviour of non-elites [40]. These assumptions constrain the political agency of ordinary citizens,
providing a “spectator’s view of action where non-elites are viewed in instrumental and passive
terms” [49] (p. 15). Furthermore, this framing marginalised the real socio-environmental threats posed
to locals by infrastructure projects. It is essential to analyse environmental protests from the viewpoint
of the ordinary citizen, not just the elites [22].

In Central Asia, infrastructure development poses real environmental, material and cultural
threats to local populations. These communities are often highly reliant on the environment for their
livelihoods and wellbeing, and thus have a heightened understanding of what they stand to lose by not
managing it carefully [50,51]. Threats to the environment, whether they materialise or not, can create
‘relative deprivation’ for local communities, generating local and specific grievances, which provide a
general spur to activism [52,53]. Despite lacking meaningful capital, poor groups can undertake
resistance ranging from overt, confrontational behaviour to subtle, everyday forms [40,54,55].
This ‘environmentalism of the poor’ is closely linked to the ‘environmental justice’ movement.
Environment justice can be sub-divided into recognition, distributional and procedural components.
Recognition refers to the acknowledgement of collective social identities and their specific needs,
concerns and livelihoods [56]. Distributional environmental justice demands the equitable distribution
within society of environmental benefits and burdens [57]. Procedural environmental justice calls for
the just political and social functioning of society and its institutions, with an emphasis on participation
in decision-making [57]. Several environmental mobilisations in Central Asia have been interpreted
through an environmental justice lens [9,21].

Political opportunity structures can also determine if, when and where a community protests [58,59].
Following the collective interest model, potential protestors evaluate their political environment and
calculate the likelihood of success of their collective action [60]. If a protestor believes the action they
take will likely result in the outcome they desire, they may be willing to risk the costs of acting [22].
Transient political opportunities may combine with long-standing environmental grievances to enhance
the “eco-mobilizeability” of an individual at a specific time [22].

Political opportunity structures do not just influence the actions of the poor, they may also
influence the actions of elites. When locally originating social movements achieve a certain level of
popular support and political saliency, a political opportunity arises for elites to exploit. However,
there has been limited analysis of how “community concerns about the environment may drive elite
involvement and co-optation” [22] (p. 340). This is possibly because of a focus in the literature on
how environmental movements emerge and the spectacular one-off protest events they engender.
There is a need for a more prolonged assessment of environmental movements to understand how
communities’ grievances and elites’ political aspirations intersect throughout the evolution of the
movement. Similarly, there has been a lack of interaction with scale in the literature on environmental
movements in Central Asia. The theories of eco-mobilisation and elite co-optation conceptualise
environmental protests as static scalar entities predominantly operating on either the local or national
scale. There is a dearth of analysis on how actors socially construct the scale of environmental
movements to suit their own political interests.
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2.2. Politics of Scale

‘Politics of scale’ is a theory that allows for a more nuanced understanding of the dynamic
scalar relations of environmental conflicts. This theory suggests that continuous social processes of
socio-political and economic struggle occur between actors aiming to strengthen power and control of
a certain scale while disempowering other scales [61,62]. Thus, scales are both socially constructed
and politically contested, and are constantly in the process of being reorganized [63,64]. Actors engage
strategically with scale to construct, hierarchize and reorganise territorial units in relation to each
other [63,65].

As a global business based on place specific mineral deposits, mining has a rich politics of
scale. Mining is often described as a ‘glocal’ phenomenon: international networks of production
and consumption are realised in local communities and environments [66,67]. The concept of
‘glocalisation’ was coined to nuance the homogenising power of globalisation by showing that the
effects of globalising forces are contingent upon place-based characteristics [62,66]. With regards to
resource extraction, ‘glocalisation’ is now used to describe the scale-creation and scale-adjustment
ability of both extractive industries and movements resisting extraction [68].

Both ‘politics of scale’ and ‘glocalisation’ are useful concepts to understand how governments
and corporations use specific geographical scales to define mining projects. Mining projects are largely
negotiated at a bilateral level between governments and corporations, converting these extractive
places into national spaces of development generation [69,70]. This creates a gap between the ‘scales of
meaning’ at which a mining project is experienced or perceived, and the ‘scales of regulation’ at which
the project is commercially approved and politically defined [71,72]. Anti-mining movements challenge
the existing hegemonic power structures that define the environmental conflict by restructuring the
scales of meaning and regulation [63]. This is achieved by mounting a defence of local place, while
simultaneously strategically rescaling the movement in a ‘glocal’ fashion, often through allegiances
with national and supra-national networks [25,26].

Anti-mining movements jump scales from local to national to global in attempts to target concerns
on certain geographical scales in order to challenge national decisions [26,64]. Scale-jumping can
be achieved by creating broader networks of social actors from different geographical locations,
expanding the geographical scale at which the anti-mining discourse operates [73]. These actors
support local movements by providing experience, information, enhancing media attention and
enabling a broader ‘repertoire of contention’ to include legal challenges [69,74]. A recent study
found that when an environmental movement was connected to more civil society organisations,
and especially when it was connected to more nationally or transnationally central civil society
organisations, its outcome was more likely to be perceived as a success [75].

Including a wider range of actors and organisations in this broad network can result in
initial discourses of local environmental justice being joined by broader discourses such as climate
change, anti-neoliberal ideals and resource nationalism [76–78]. For instance, in the Pascua Lama
conflict in Chile, local resistance movements referenced wider global claims such as climate change,
glacier protection, democracy and participation [78]. In some cases, this can result in a loss of
autonomy for local organisations, a need to alter strategies, ideological conflicts and identity loss [79].
Local movements need to be careful not to lose the grassroots while establishing links with supralocal
organisations [75]. If there are inequities in coalitions, contradictory opinions on the appropriate
values and arguments to use may mean that local environmental justice claims lose out to discourses
introduced by more powerful supralocal organisations [80]. In Kyrgyzstan, where there are only
600–700 active national non-governmental organisations (NGOs) and few international organisations,
local resistance movements may have to be less scrupulous about the social actors that they form
advocacy networks with, increasing the likelihood of this discourse displacement [81].
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3. The Case of Kumtor

3.1. Introducing Kumtor

The Kumtor gold deposit is the largest in Central Asia, and has been central to Kyrgyzstan’s
domestic economy since production started in 1997. In 2014, it accounted for 23.1% of Kyrgyzstan’s
industrial output and 7.4% of its GDP [7]. The economic importance of Kumtor to Kyrgyzstan has
meant that the mine has been closely linked to national politics. The agreement between Cameco and
the government in 1992 gave the Kyrgyz government about 60% of shares in the Kumtor Operating
Company (KOC) [82]. However, the Kyrgyz government periodically sold shares to Cameco to
fund President Akaev’s election campaigns [83]. By 2004 the Kyrgyz government only had 15.6% of
shares in Kumtor, while Cameco largely sold out to Centerra, another Canadian firm [83]. In 2009,
Centerra and President Bakiev negotiated a New Terms Agreement that granted Kyrgyzstan a 33%
share of Centerra [84]. This agreement was still in place at the time of writing.

The local environmental movement originated to claim compensation for a major industrial
accident. In May 1998, a truck travelling to the mine lost 1.7 tonnes of sodium cyanide, which
dissolved into the Barskoon River (see Figure 1) [84]. Despite villagers not being informed of the spill
for five hours, an international commission concluded that ‘no carcinogenic, mutagenic, teratogenic,
reproductive or neurotoxological effects to people are expected’ [85] (p. iii). However, local residents
and NGOs claimed that more than 2500 people were affected by poisoning, 800 went to hospital and
four died as a result of the spill [86]. The Kumtor Operating Company (KOC) provided $25 per adult
as compensation for the accident, but local residents argued that this was insufficient compensation
for the long-term health impacts and agricultural losses [86,87].

 

Figure 1. Map of Kyrgyzstan with Kumtor mine.

Local resident Erkingul Imankojoeva set up an NGO called Karek in 1998 to pursue locals’ claims
for compensation [88]. In addition to the preeminent demand for compensation, Karek also called for
enhanced local economic benefits, ecological monitoring and improved safety measures [23]. Karek’s
‘repertoire of contention’ was mostly limited to using protests and road blockades to pressurise Centerra
and the government [23,59]. Local residents blockaded the road from Bishkek to the mine on at least
five separate occasions between 1998 and 2006. In the July 2006 protest, more than 3000 locals blocked
the main road leading to the mine in round-the-clock shifts [88]. In addition, Karek generated public

94



Land 2018, 7, 42

awareness through conducting press meetings, accident victim photo exhibits and public showings of
Zolotaya Avariya (Golden Accident), a film about the accident [23]. After advocating for compensation
for eight years, in 2006, $3.7 million was distributed to five villages in the area, mostly for harvest
damages [23].

The initial claims articulated by local anti-Kumtor activists closely fit the thesis of the environmentalism
of the poor. Karek framed the Kumtor issue using local place-based claims, articulating a discourse of
environmental justice and human health. The considerable impacts of the Barskoon spill provided a
clear grievance that local communities could rally around, and the movement was clearly contained
to those impacted by the spill. The use of protests and roadblocks in the villages within Issyk-Kul
province cemented this local scale as the legitimate ‘scale of meaning’ that should be taken into account
in the decision-making around Kumtor. Indeed, subsequently, it has been shown that Kumtor may also
be polluting the river Naryn that runs through several villages in the Naryn province [89]. However,
this region has not received any compensation due to Karek’s success in positioning the villages in
Issyk-Kul province as the location of Kumtor’s impacts.

Anti-Kumtor activists pursued several strategies to scale-jump their concerns to a national and
global level. Karek created links with Bishkek-based NGOs such as Tree of Life through an ‘eco-safety
network’ [23]. These national NGOs articulated a unified discourse that situated the local scale as
the dominant scale of the anti-Kumtor lobby, which added emphasis to Karek’s public awareness
campaigns. This successfully raised the local, place-based compensation claims of Karek to the national
level. Additionally, the local anti-Kumtor lobby allied with a small number of global organisations to
scale-jump the issue to the global level. Dutch NGO Milieukontakt and the Organisation for Security
and Cooperation in Europe organised workshops to train local NGOs, while the Urgent Action Fund
for Women’s Human Rights conducted an online campaign to generate financial support for Karek [23].

Supra-national networks have been widely acknowledged as crucial to the scale-jumping ability
of local social movements [73–75]. However, in this example of anti-Kumtor activism, the roadblocks
and protests were a successful scale-jumping strategy in and of themselves. Infrastructural sabotage
and public demonstrations often halted production, reducing Centerra’s profits, which adversely
affected company share price and government tax revenue. In the five days after the initiation of the
July 2005 protests Centerra’s share price fell by 8%, while in the five days after the initiation of the
July 2006 protests, it fell by 28% (Table 1). Despite scale-jumping, the anti-Kumtor movement to the
national and global level, the symbolic locus of the protests was clearly at the local point of disruption.
Social movement theory has previously suggested that forming trans-national allegiances was critical
to articulating a ‘glocal’ environmental conflict [26]. Local scale jumping strategies of this kind may
negate the need for social movements to build trans-national allegiances in order to ‘glocalise’. In fact,
in the absence of these allegiances, environmental movements may be better positioned to retain the
‘local’ element of ‘glocalisation’. This successful scale-jumping usage of protests, road blocks and NGO
networks provided a template for other anti-Kumtor activists to follow [23].

Table 1. Response of Centerra Gold share price to Kumtor protests over a five-day period following
protest onset (2005–2006).

Date Percentage Change

18 July 2005 −8.03
3 August 2005 0.98

1 November 2005 −1.26
17 May 2006 −4.60
13 July 2006 −28.36

3.2. Diversifying Discourses

Since the success of the movement to claim compensation for the Barskoon spill, the demands of
the anti-Kumtor movement have diversified. Demands have shifted from demanding distributional
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environmental justice to demanding procedural environmental justice. These procedural justice
demands have taken a variety of forms. A key argument of local NGOs is that Issyk-Kul province
bears the environmental costs of Kumtor, but due to procedural and institutional inequity receives
an incommensurate lack of economic benefits [23]. Between 1994 and 2012, KOC paid $2.15 billion
in tax and contributed 1% of its gross revenue to the Issyk-Kul Region Development Fund [84].
However, only a fraction of this money benefited local communities for two reasons. First,
local governments receive ‘shared revenue’, taxes collected by the state and distributed equally
to local administrations [90]. New legislation in 2011 meant that 2% of this total tax accrued directly to
the local government of the mine, but Karek argues that this investment is inadequate compensation
for the environmental issues associated with Kumtor [83]. Second, corruption prevents locals from
benefitting from this investment. Karek has aligned with national anti-corruption NGOs Citizens
Against Corruption and Taza Tabiyat to draw attention to how Kumtor has been used as ‘an investment
market’ by political elites [39,91].

In addition to seeking procedural environmental justice in the form of equitable benefit-sharing, NGOs
are leading the movement towards a more equal decision-making process. Currently, the Extractive
Industries Transparency Initiative (EITI) in Kyrgyzstan is a top-down process, with all actions,
decision-making and implementation centralised in Bishkek, “excluding regions altogether” [92]
(p. 469). EITI meetings are conducted in Bishkek with no travel reimbursement for attendees,
and reports are rarely translated into Kyrgyz [92]. ‘Tree of Life’ has been working to publicise and
improve access to the EITI process in Kyrgyzstan [92].

Karek has aligned with national NGOs to criticise the Government and KOC on environmental
grounds. The ‘Tree of Life’ argued that assigning part of the neighbouring Sarychat-Eertash nature reserve
to a concession area of Kumtor contravened Kyrgyz regulations on environmental protection [22,90].
This NGO also organised protests in Bishkek in 2017 opposing glacier destruction by Kumtor [93].
The local anti-Kumtor campaign has also allied with national human rights NGOs Kylym Shamy
(Torch of the Century) and Human Rights Bureau to publicise the issue of anti-Kumtor activists being
beaten and tortured [23,94]. These NGOs have videotaped conversations with KOC officials and
shared photographs of activists beaten in police custody [95].

After the success of the movement for compensation, the localised anti-Kumtor movement
jumped scale to the national level by deepening allegiances with a diverse range of national NGOs.
This mirrors Robbins’ [96] observation that environmental movements emerge in response to material
threats, but subsequently build ‘bridges’ to broader struggles. This bridge building has resulted in
initial discourses of local environmental justice being joined by broader discourses introduced from
the national and global sphere, constructing “completely entwined arguments and values in a glocal
process” [78] (p. 225). For example, Tree of Life introduced post-materialist conservationist values
to argue for the protection of nature from Kumtor, but directly related this back to the local level by
arguing that glacier destruction presents a threat to local water supplies [93].

3.3. Overpowering Discourses

The initial success of the original localised anti-Kumtor movement, coupled with the formation
of the supralocal allegiance network, succeeded in raising the political prominence of Kumtor at the
national level. Ordinary people began engaging with Kumtor as an informal symbol of resistance to
the state vision of development. The political prominence and symbolic nature of Kumtor made it
an attractive political prospect for certain political elites to associate themselves with. Following the
revolution of 2010, the Ata-Jurt political party has capitalised on this political opportunity, promoting
nationalisation of Kumtor to undermine the Government.

Political elites do not passively join environmental movements in Kyrgyzstan, they actively shift
the discourses and scale of the movement to suit their own ends. In 2012, Ata-Jurt MP Sadyr Japarov
formed a parliamentary commission to assess the mine’s environmental impact [42]. The 300-page
report was published in June 2012, and alleged that the open cast mine had negatively impacted on the
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nearby glacier and rare plant species, along with poisoning streams feeding into the Barskoon river [97].
In an interview, Japarov stated that “all works at Kumtor have been implemented with violations of
ecological regulations” [98]. Many of the environmental issues highlighted by this commission were
similar to those broadcast by the local socio-environmental movement. However, these issues were
framed as a failure of the government to protect the national legacy of Kyrgyzstan’s environment,
as opposed to the environmental justice framing of the local movement, which emphasised the impacts
on local livelihoods. Although Japarov’s call to nationalise Kumtor was defeated in parliament, he
was successful in bringing the environmental issues of Kumtor back to the forefront of Kyrgyz politics.

On 3 October 2012, 1000 people attended a nationalisation rally in Bishkek organised by
Ata-Jurt [84]. Party leader Kamchibek Tashiyev gave an inflammatory speech in which he
proclaimed that “nobody but the nation should run the Kumtor (mine)” [98]. Following the speech,
Tashiyev unsuccessfully led protestors in attempting to break into the parliament building, which
resulted in his arrest [99]. Afterwards, Tashiyev claimed that Ata-Jurt “wanted the Kumtor problem
to be raised to the state level” as “Kumtor is something that affects all Kyrgyz” [100,101]. This rally
constituted another shifting of the ‘scale of meaning’ of the Kumtor problem to the national level.
By arguing that Kumtor should be run by “the nation” as it “affects all Kyrgyz” and symbolically
locating the protest outside the parliament building, this rally shifted the ‘scale of meaning’ of
the anti-Kumtor movement to the national level, while simultaneously divorcing it from the local
anti-Kumtor campaign [98,101].

These demands for the nationalisation of the mine spread to local anti-Kumtor campaigns (see
Table 2). Although some NGOs spoke out against the Ata Jurt led calls for nationalisation, describing
them as an attempt to “score some political points”, the majority of locals supported this discursive
shift [101]. From 28–31 May 2013, around 3000 protestors blocked the road to the mine demanding that
environmental standards be upheld and that Kumtor be nationalised [102,103]. On 30th May, they seized
an electricity station, disrupting power to the mine [103]. Clashes between protestors and police resulted
in 92 people being arrested and 55 people being wounded [83]. Two months later a video appeared on
state television showing two informal leaders of the May Barskoon protest demanding $3 million from a
KOC director in exchange for a guarantee not to orchestrate protests [96]. In the video, both men claim
to have the support of Ata-Jurt politicians Kamchybek Tashiyev and Sadyr Japarov, leading to claims in
the Kyrgyz media that the Kumtor protests are another ‘rent-a-mob’ incident [42,104,105]. While the
demands and the timing of the May protest certainly suited Ata-Jurt politically, the connection
between Ata-Jurt and the local environmental movement does not fit with Radnitz’ [19] theory of
subversive clientelism. In subversive clientelism, elites utilise local support bases, but Ata-Jurt
politicians Kamchybek Tashiyev and Sadyr Japarov originate from Southern Kyrgyzstan, and thus
are geographically and politically removed from the Issyk-Kul oblast. Furthermore, local people have
mobilised against Kumtor on environmental grounds for over a decade, well before nationalisation of
the mine was politicised by Ata-Jurt. Additionally, subversive clientelism describes the mechanism by
which elites initiate protests, not how they co-opt pre-existing movements.

We argue that the calls for resource nationalism in local Kumtor protests are indicative of a
more passive elite co-optation of popular protests. The strong public profiles of Ata-Jurt politicians
allowed them to monopolise media attention, facilitating an elite domination of anti-Kumtor discourse
production and scalar framing. This discursive dominance is augmented by the potential of resource
nationalism as a framing strategy. Resource nationalism is potent in Kyrgyzstan due to the extensive
nation-building strategies implemented by the state, while depicting the sovereignty of Kyrgyzstan
as threatened was particularly compelling at the time due to the perception that the sovereignty of
the nation was vulnerable following the riots of 2010 [84,106]. Finally, the ‘infrastructural hope’ of
resource nationalism is tempting in Kyrgyzstan where 32.1% of the population is below the poverty
line [17,107].

The popularity of the resource nationalism discourse espoused by Ata-Jurt created a political
opportunity for local protesters to enhance the political saliency of the local anti-Kumtor movement
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and scale-jump to the national scale. In this model of elite co-optation, local protestors are not
passive victims, stripped of agency. They are active collaborators opportunistically pursuing a
political opportunity.

Utilising the discourse of resource nationalism has enrolled national support for the anti-Kumtor
movement, but has consolidated the Kumtor problem as a national rather than a local issue. This has
undermined local claims for procedural and distributional environmental justice, preventing a
decentralisation of the power, decisions and benefits of Kumtor. By articulating Kumtor as a
problem of national relevance, and advocating for nationalisation as a solution, anti-Kumtor
activists have empowered the national scale as the ‘scale of meaning’ of this environmental conflict.
As a result, attempted ‘solutions’ to the dispute have been national in scale. In January 2014,
the government approved a deal to swap its 32.7% stake in Centerra for a 50% stake in KOC,
though this deal was subsequently rejected by parliament [108]. In 2017, the government reached
another deal with Centerra, which involved KOC making one-time payments of US $7 million
to a new, government-administered Cancer Care Support Fund and US $50 million to a new,
government-administered Nature Development Fund [109]. These solutions pander to the calls
for resource nationalism and environmental protection advocated by national actors, but fail to resolve
local calls for environmental justice in the face of threats to their livelihoods.

Table 2. Location and demands of reported Kumtor protests.

Date Location Demands Citation

10 July 1998 Local Compensation Wooden, 2017 [23]

18 July 2005 Local Compensation Institute for War & Peace
Reporting (IWPR), 2006 [86]

3 August 2005 Local Compensation Radio Free Europe/Radio
Liberty (RFE/RL), 2005 [87]

1 November 2005 Local Compensation New York Times, 2005 [110]
17 May 2006 Karakol Compensation Wooden, 2013 [22]
13 July 2006 Local Compensation Wooden, 2013 [22]

18 April 2007 Bishkek Local environment and economy Wooden, 2013 [22]
19 April 2007 Local Local environment and economy Wooden, 2013 [22]
7 May 2007 Local Compensation RFE/RL, 2007 [111]

25 January 2011 Local Local environment and economy Transitions (TOL), 2011 [42]
16 February 2011 Bishkek Improve regional infrastructure, Wooden, 2013 [22]

4 June 2012 Local Local environment and economy Reuters, 2012 [112]
3 October 2012 Bishkek Nationalisation Gullette, 2014 [84]
4 October 2012 Jalalabad Nationalisation Gullette, 2014 [84]
5 October 2012 Jalalabad Nationalisation RFE/RL, 2012 [99]
8 October 2012 Jalalabad Nationalisation RFE/RL, 2012 [113]
13 March 2013 Bishkek Nationalisation RFE/RL, 2013 [114]
24 April 2013 Bishkek Nationalisation RFE/RL, 2013 [100]
28 May 2013 Local Environment, Nationalisation RFE/RL, 2013 [103]
3 June 2013 Jalalabad Nationalisation IWPR, 2013 [115]
27 July 2013 Local Cancel contract with Centerra RFE/RL, 2013 [116]

28 August 2013 Local Nationalisation Gullette, 2014 [84]
7 October 2013 Karakol Nationalisation Gullette, 2014 [84]
8 October 2013 Local Nationalisation RFE/RL, 2013 [116]

11 October 2013 Local Nationalisation K-News, 2013 [117]
25 March 2014 Local Distribute benefits locally AKIpress, 2014 [118]
29 April 2014 Local Distribute benefits locally Gullette, 2014 [84]

8 November 2017 Bishkek Glacier law change IWPR, 2017 [48]

4. Discussion

Local social movements are often trapped in a scalar bind; they must choose between emphasising
local demands (and risk remaining irrelevant on a national level) or appealing to national or global
sympathies (and risk marginalising local concerns). The local environmental movement against
Kumtor was initially able to escape this scalar bind. The lack of international NGOs operating in
Kyrgyzstan meant that the local anti-Kumtor movement pursued a largely autonomous scale-jumping
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strategy. Protests and roadblocks in local villages produced the local scale as the legitimate ‘scale of
meaning’, while disrupting the transport of goods to and from the mine, scale-jumping the issue to
national and global prominence. Local NGOs also allied with national NGOs in an effort to publicise
the plight of local communities. These allegiances were deepened following the success of the initial
movement for compensation, resulting in the introduction of broader discourses to the anti-Kumtor
movement such as post-materialist environmentalism, transparency and corruption, and human rights
(Table 3). This trend of diversifying discourses as an environmental movement matures has been
documented in Latin America, where environmental movements adjusted their terminology to reflect
contemporary struggles, resulting in a hybridisation of local social justice and broader ecological
concerns [119].

Table 3. Broad trajectory of the anti-Kumtor movement.

Timing Main Demands Key Actors Scale of Meaning

1997–2006 Compensation Local NGOs (Karek) Local

2006–2012

Economic distribution
Human rights
Environmental

Procedural justice

Local NGOs (Karek)
National NGOs (Tree of Life, Taza
Tabiyat, Human Rights Bureau)

Local/National

2012–2014 Nationalisation National political party (Ata Jurt)
Local activists National

When supralocal actors introduce discourses to local environmental movements, the new
discourses can hybridise with pre-existing environmental justice claims, or they may overpower local
concerns. As Ata-Jurt’s calls for the nationalisation of Kumtor grew in political prominence, there was
a palpable shift towards nationalisation in the demands of the local environmental movement. This is
in agreement with Central Asian literature, suggesting that resource nationalism does not originate
at the local level, but is a political strategy used by national elites [16,46]. While adopting resource
nationalism increased the national resonance of the local anti-Kumtor movement, it also positioned
Kumtor as a national issue, undermining local claims for environmental justice. This contradicts
claims in the literature that local environmentalism of the poor and glocal rescaling strategies are
compatible strategies to escape the scalar bind [25,26]. Jumping scales may not always enable
anti-mining movements to challenge hegemonic scalar power relations, and occasionally can lead to
their reinforcement.

Forming advocacy allegiances with contentious political groups can transform perceptions of
the causes and demands of environmental protests. Ata-Jurt’s involvement was widely perceived
as an attempt to “score some political points” [101] or a “shakedown scheme” [42]. In Mongolia,
when the controversial Fire Nation, an ethno-nationalist group, allied with environmental NGOs,
the organisation was described as having “rebranded itself as an environmentalist organisation” [120].
In these cases, forming an advocacy network with controversial organisations led to the real
environmental issues being marginalised.

The discursive shift of the local environmental movement towards resource nationalism
contradicts existing theorisations of subversive clientelism. The local movement against Kumtor
originated as an autonomous ecomobilisation in response to a specific grievance, and showcased an
environmentalism of the poor. Existing theories of structured elite co-optation describe how elites
initiate protests, rather than how they co-opt pre-existing movements [19]. These reductionist theories
of subversive clientelism struggle to elucidate the discursive shift of the local anti-Kumtor movement.
Instead, this paper argues for a more nuanced co-optation, suggesting that the discursive shift of the
local movement occurred due to the ability of Ata-Jurt to monopolise media attention and dominate
production of national discourses regarding Kumtor. While some local activists resisted this discursive
co-optation, the majority acquiesced to the resource nationalism framing of the Kumtor issue.
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The decision of Ata-Jurt to discursively co-opt the Kumtor issue to suit its own political ends,
and the acquiescence of local activists to the resource nationalism discourse can be understood through
political opportunity structure theory [58,59]. There was a political opportunity for Ata Jurt to co-opt
the Kumtor issue in 2012; as Kumtor was nationally prominent, protests organised by the local
movement had reduced following the awarding of compensation in 2006 (Table 2), playing on concerns
for national sovereignty powerfully following the recent 2010 riots [84], and Ata-Jurt needed to distract
from criminal charges against several of its members [101]. Aligning with Ata-Jurt was a political
opportunity for the local movement due to the extensive media presence of Ata Jurt politicians,
which drew attention to Kumtor and the paucity of other international and national actors available to
form a network to scale-jump the issue to supralocal levels. In this model of elite co-optation, local
protestors are not passive victims, but active collaborators pursuing a political opportunity.

Transient elite involvement in locally originating environmental issues is not limited to
Kyrgyzstan; it is widely prevalent across Central Asia. When the Mongolian Ongi River Movement
became politically prominent, electoral candidates joined protest marches and advertised their
support [21]. However, the River Movement adhered to its initial framing of mining as a local
environmental issue, and refrained from engaging with “politically ambitious and predominantly
urban-based” movements that emphasised the political and economic drawbacks of mining [21]
(p. 94). This contrasts with the discursive Faustian bargain made by the local Kumtor environmental
movement with Ata-Jurt. From this contrast, we suggest that the ability of a social movement to resist
elite co-optation may depend on the strength and clarity of the movement’s identity. Movements may
be more vulnerable to elite co-optation when they become salient on the national level, but also when
they start to embody a wider range of demands that locals do not relate to.

5. Conclusions

Kumtor is often framed as either a question of “the vision of the state and the role of strategic resources
in the present and future of the country” [7] (p. 9), or local “social, economic and environmental issues
combined” [3]. Tracing the trajectory of anti-Kumtor protests in Kyrgyzstan shows that environmental
activists often engage with both of these framings, relating to theories that social movements must
simultaneously legitimise the local level as the ‘scale of meaning’ while scale-jumping local claims to
supralocal relevance through advocacy networks. However, due to the dearth of civil society actors
in Kyrgyzstan and lack of international NGOs operating in the region, the onus is often on social
movements to scale-jump independently of advocacy networks. The Kumtor movement achieved this
by disrupting access to the mine, affecting production and generating fluctuations in the Canadian
company’s share price. This demonstrates that social movements are not dependent on extensive
networks to scale-jump, but have the ability to do so autonomously.

When situated environmental claims become nationally prominent, they become attractive targets for
elite co-optation. In the case of Kumtor, this elite co-optation is unlikely to have been through structured
channels and material incentives proposed by subversive clientelism [19]. We theorise that a more
passive elite involvement in anti-Kumtor protests occurred through discourse monopolisation and
opportunistic local alignment. This discursive co-optation by elites can restrict the ability of local
movements to scale-jump to the national level in Post-Soviet Kyrgyzstan. In order to scale-jump
to the national level and escape the scalar bind, movements may need to undertake autonomous
scale-jumping, or form extensive horizontal networks with other national and international
local groups.

This paper identifies three critical research areas for further study. First, there has been limited
analysis of the dynamic nature of environmental movements in Central Asia. Shifting focus from
understanding the demands of emerging environmental movements to tracing the emergent demands
of environmental movements would shed light on how a stable civil society could function in this
region. Second, an improved understanding of more passive ways that elites interact with and
influence environmental protests would nuance the current highly structured theorisations. There is
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need for further study to assess strategies that local activists use to resist discursive co-optation. Third,
accounts of environmental threats in Central Asia need to engage with how actors socially construct
scale. These broad research themes would facilitate a more reflexive understanding of environmental
movements in Central Asia.
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Abstract: The sustainable management of natural resources, and particularly groundwater, presents a
major challenge in arid regions to ensure security of water supply and support agricultural production.
In many cases, the role of smallholder farmers is often neglected when managing irrigated water
and land processes. However, management decisions have a major impact on farmers’ livelihoods,
and it is essential: first, to recognise the crucial role of regional and local social, political and economic
systems; and second, to integrate farmers’ perspectives in the governance and management of local
groundwater practices. This is particularly important as the ways in which arid region farmers use
land and water have wider implications for land degradation and salinization. This paper uses a
community-based approach to identify and examine the social, economic and cultural dimensions to
groundwater irrigation systems from the perspective of local farmers in central Iran. The paper utilises
interviews with local farmers and water agencies in Iran to reflect on their respective roles within
the irrigation system and in developing management plans for the sustainable use of groundwater.
Through social research, we investigate the reasons why farmers might reject government irrigation
management schemes and outline how local problems with land degradation and salinization and
reduced water availability have arisen as a result of changing management policies. In conclusion,
we identify future challenges and consider appropriate future management strategies.

Keywords: drip irrigation; groundwater; common-pool resource; water rights; local farming

1. Introduction: Groundwater Management Crisis in Iran

Groundwater is the principal source of water used for domestic and agricultural purposes in
Iran. However, there are major challenges in managing groundwater sustainability given anticipated
increases in the demand for food and potable water, which are leading to increasingly high rates of
groundwater abstraction and contributing to widespread reductions in groundwater levels. In Iran,
aquifers have been over-abstracted due to changing crop patterns, inefficient irrigation systems and
high water wastage associated with traditional Iranian irrigation practices [1]. Currently, one of
the major failures in groundwater resource management by national government is the inefficient
agricultural water use, as the efficiency of irrigation water delivery is thought to be between 33 and
37 percent [2]. Other failures include uncompleted water projects, problems with water delivery and
drainage, as well as inadequate resources for future water development schemes.

The consequences of inappropriate agricultural water management include environmental
degradation, salinization, land subsidence and wetland desiccation. Soil salinization is widespread
in Iran with an estimated economic loss of >$1 billion (U.S.) [3]. In arid regions, water scarcity has
led to increased abstraction of brackish groundwater for agriculture, which can lead to salinization
and accelerated land degradation and desertification [4]. As a result, it has been suggested that
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groundwater conditions in Iran are in a critical state [5–7]. This highlights the need for changes
in domestic and agricultural water use practices, and specifically the adoption of more efficient
irrigation technologies, which are adapted to local conditions and are economically viable for farmers.
However, there have been problems with introducing new groundwater management practices,
which have sought to increase irrigation efficiency (e.g., using micro-irrigation methods) and reduce
groundwater abstraction rates. Hence, the impact of policies on irrigation modernization is uncertain;
particularly the degree to which the introduction of new technologies might help to reduce rates of
water use and consumption [8]. Although changing irrigation systems, from furrow to micro-irrigation
(i.e., drip method), has reduced water use in some cases [9,10], other studies suggest it has been
associated with increased water and energy consumption [11,12].

It is also important that ecosystem sustainability should be given more attention when
managing water resources: particularly, the long-term consequences of changing irrigation policies on
environmental sustainability. For example, at present, irrigated waters are prevented from recharging
the common pool groundwater body due to: (i) the high aridity and evaporation rates; (ii) high rates
of water consumption due to intensive cultivation practices; and (iii) the depth of the groundwater
table. This raises questions about the current sustainability of groundwater aquifers. In response
to these problems, the Iranian government is seeking to introduce new irrigation systems to reduce
groundwater abstraction rates and improve water delivery efficiencies for irrigated agriculture, but this
requires engagement with local farmers to maximise rates of adoption.

This paper investigates the challenges in introducing new irrigation technologies and management
plans for local farming systems through top-down national policies. One potential outcome is that the
projects are rejected by local farmers, which compromises any future improvement in irrigation delivery
efficiency that was anticipated by the original policy. Hence, in developing such projects, policy
makers should consider the socio-economic, biophysical and cultural dimensions of managing natural
resources, particularly strategic common-pool resources such as groundwater aquifers. A crucial
factor here is the flexibility of technologies to accommodate local irrigation traditions and water
allocation rules as evidence suggests that technological solutions are not widely adopted if they are
not socially acceptable [13]. Hence, any new technology, or management plan, must address the
different dimensions of traditional irrigation and land management systems if it is to minimise social,
economic and environmental impacts. In this empirical study, we discuss the main changes in this
irrigation transformation, which are: first, the conversion from collective action around tube-wells,
which occurred as farmers transferred from the historic Qanat irrigation system, to a new collective
ownership/action for drip irrigation promoted by government (Qanats are underground water
transmission canals that convey groundwater from upland areas to the lower plains by gravity)
(Figure A1); second, the adoption of drip irrigation systems with associated changes in water right
allotments (reduction), which create many challenges for farmers.

Water Crisis and Efficiency Management: Reconciling Different Viewpoints

In Iran, policy makers have largely attributed ‘the water crisis’ to climate change and particularly
to the increased frequency of drought, which as a ‘natural disaster’ is outside their control and
represents only a temporary problem [14]. However, in discussing Iran’s water crisis, Foltz [15]
suggested that many Iranian researchers believe that the water crisis is only partially attributed
to drought events; and some water experts believe that about half of the problem is due to
mismanagement of water resources.

The degradation of groundwater (both quantity and quality) thus reflects a combination
of excessive groundwater abstraction (and/or drought, which reduces groundwater recharge),
inappropriate groundwater governance and management plans and poor land use management.
The lack of agreement between water experts and policy makers on the causes of the water crisis
has inhibited the development of comprehensive water management plans. Consequently different
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solutions have been advanced to improve irrigation efficiency, which is defined differently by local
communities and government decision-makers.

Recent work has challenged the concept of efficiency in irrigation practices, and there is a
belief that what is usually known as improved irrigation efficiency is a misleading concept [16].
Under the concept of irrigation efficiency, the volume of water saved is considered an ‘efficiency
gain’ (i.e., saved water to be used in environmental enhancement and non-farming activities). This is
a paradox as the water saved is not allowed to return to the drainage basin (i.e., to recharge the
groundwater body), and hence, true rates of water consumption are unchanged [16]. In an Iranian
context, some of the proposed government schemes to improve irrigation efficiency strongly contrast
with what local users perceive to be irrigation efficiency, and hence, there is a lack of cooperation
between local water users and authorities.

In this paper, we illustrate how perspectives on water values, on the water crisis and on the
rationale for groundwater protection and sustainable water resource management differ between local
communities and the groundwater regulator, the Iranian Agricultural Jihad Agency. It is important to
recognize the different viewpoints and to identify areas of common understanding. In Iran, improved
efficiency for farmers’ means increasing their accessibility to specific water rights to maintain or
increase agricultural production levels. Farmers are likely to reject new schemes that threaten these
rights, for example, the installation of drip irrigation systems to improve efficiency and manage
groundwater sustainably. Furthermore, socio-economic conditions, livelihoods and technological
constraints, all have a local context and must be understood separately as they can greatly affect water
management and efficiency [17]. Conversely, government irrigation management schemes seek to
protect groundwater bodies from over-abstraction and to ensure continued water availability to support
projected water demands. Thus, the main difficulty is how efficiency should be measured by the water
regulator and how permission for abstraction should be granted to avoid groundwater depletion and
to satisfy the objectives of both farmers and government agencies. Currently, the Iranian Ministry
of Energy (MoE) issues new permits for applicants on the basis of a hydrogeological assessment
of the aquifer [18]. Legally new abstractions are allowed as part of a business plan, but under the
traditional local system, water rights are associated with individuals through their historical allocation.
The historic water distribution system (the Qanat) is based on cycles of specific numbers of days and
nights (24 h) [19] (pp. 148–152), and this system of water allocation and distribution is still largely
practiced by local farmers. The water cycle is divided into different time-slots (water right delivery
might be received during the day or night). The water hour right for each person is the basis of
assigning the entitlement, although the eligibility criteria for individual applicants is not necessarily
transparent [18].

In this situation, controversy and conflict between environmental issues and farming practices can
easily arise, usually resulting in conflict between agencies and farmers. In Iran, the government has
sought to protect groundwater resources, while farmers’ reliance on groundwater abstraction through
pumped tube-wells hinders enhanced groundwater protection. The operation and maintenance
of the traditional Qanat irrigation systems in Iran are established based on collective action and
cooperation among farmers. This encourages farmers to share costs and responsibilities and is the
main driving force for farmers to act collectively in maintaining the operation of currently-used
pumped tube-wells. The traditional norms, rules and social capital around irrigation systems,
e.g., water rights and allocation, have also been transferred from the Qanat system to the modern
system of tube-wells to enable successful farming practices to continue. Generally, tube-well owners
fund the construction, maintenance and operation of their wells, but not any external costs resulting
from extensive groundwater abstraction on the environment or aquatic ecosystems [20]. Similar
processes occur in developing countries where economic conditions act as a barrier for improving
environmental protection, resulting in the general depletion of natural resources with inevitable
environmental consequences [17].
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In Iran, local farmers are confronted with a number of irrigation challenges that contribute to their
unwillingness to join, or collectively participate, in government schemes to increase irrigation efficiency
and manage scarce groundwater resources sustainably. Groundwater over-abstraction is potentially
catastrophic as there is insufficient regulation (i.e., the issuing of new water rights/entitlement for
applicants) and monitoring of groundwater abstraction rates (most tube-wells lack metering) to ensure
the sustainable use of groundwater resources. At the same time, research on farmers’ behavioural
approaches to groundwater abstraction in arid regions is limited and detailed investigation of irrigators’
reflections on concepts of efficiency and productivity are needed. Here, for the first time, we identify
the factors that influence local farmers’ adoption of drip irrigation within the government “Tooba
Scheme” and investigate local definitions of irrigation efficiency. As part of the ‘Tooba’ scheme to
install drip irrigation systems, farmers have to build small reservoirs on their land and consolidate
scattered land holdings. The establishment of a reservoir is followed by acceptance of a drip irrigation
system, which requires farmers’ agreement to consolidate their fields if they are to be eligible for a
government loan. For small-scale farmers, construction and maintenance of new irrigation systems is
expensive, requiring new collective ownership of the infrastructure to share their cost.

Global and national water problems require local solutions, and local knowledge can enhance local
capacity by utilising that knowledge to embrace alternative solutions [21]. Hence, local knowledge and
community-managed systems have a crucial role in water management, particularly in Iran, given the
importance of traditional and current irrigation management practices. Before discussing this, we first
review water management practices and proposed government management schemes to provide a
context for the discussion.

2. Materials and Methods

2.1. Case Study Characteristics: Kashan

Kashan city, and the surrounding rural villages (population ~400,000), is the largest city in
Northern Isfahan province in central Iran (Figure 1). Given its location in Iran’s Central Desert,
this region has a dry climate and groundwater is the only source of water for agricultural, urban and
industrial uses. At present, agriculture utilises 86 percent of the annual total of abstracted groundwater,
while domestic and industrial activities use 7.5 and 1.7 percent, respectively. The remaining 4.8 percent
is used to maintain green spaces.

There are two different climates within the region: First is an alpine climate with winter
snow cover, where irrigation waters are supplied by springs, ephemeral rivers and Qanat systems.
These alpine areas experience infrequent conditions of water scarcity, and farmers are able to cultivate
a range of products including fruit trees. The second climate is associated with the plains adjacent
to the central Kavir desert: a region of arid climate with a low annual precipitation (140 mm/year)
and high temperatures (see Table 1). Here, the soil is sandy and the only water source is groundwater
abstraction from deep wells, as most of the Qanats are dry. The main villages in Kashan are associated
with areas of cultivation and include: Abu-Zeid Abad, Ali Abad, Rijen and Fakhreh. Farmers in these
villages were interviewed and were the main participants in group discussions for this study (Table 2).
The main criterion governing selection of the study area and participants was that the study should be
in an arid region of Iran where water management practices reflected the rich indigenous knowledge
of local irrigators. A further constraint was access to local communities with long experience in
groundwater irrigation practices who were willing to cooperate in the study. The participants were
mainly male farmers who practiced small-scale farming in Kashan (women are not generally involved
in farming) (Table 3).

Traditional crops in Kashan include fruit trees (pomegranate, pistachio and apricot), cereals (wheat,
barley, maize, millet and chickpea), vines, melons, cucumber and vegetables. Recent agricultural
productivity has been threatened by reduced water availability, and farmers suggest that climate
change, particularly a prolonged drought since 2010, has affected the diversity of crop cultivation
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patterns. In common with other arid and semi-arid regions in Iran, farmers in Kashan are experiencing
critical declines in groundwater levels and increased water scarcity [1,22,23] to the extent that the
future availability of groundwater is questionable. The majority of farmers have installed individual
or collective tube-wells, and farmers have a vital role in the irrigation management process: both in
maintaining irrigation practices and agricultural productivity. Farmers ensure the adoption of
locally-based irrigation solutions and agree to collective management strategies, including selecting
appropriate crop patterns given the conditions of water scarcity. However, the role of farmers has been
largely neglected within the management-decision process in Iran.

The increasing frequency of conditions of water scarcity provides a strong incentive for farmers
to identify and adopt coping mechanisms and adaptation strategies [24]. Local farmers in Kashan
have sought to sustain their livelihoods despite this threat by: (i) extending their sources of income
(e.g., husbandry, weaving carpets, working in factories); (ii) keeping livestock to be sold during periods
of financial crisis; (iii) taking collective action to reduce labour costs; (iv) sharing the costs of purchasing
land and drilling and maintaining tube-wells; (v) renting harvested lands to other farmers for livestock
grazing in exchange for reducing labour costs for land clearance; (vi) relying on their social network
for food or cash during times of financial crisis; and (vii) engaging in an informal market for water and
land rental, as well as dairy products.

These local adaptive management strategies are alternative solutions used by farmers, which are
neither governed, nor imposed by government. Where farmers feel that government management
plans are poorly conceived, or if there are implications for future profitability, then farmers will
follow their own management strategies and reject the range of different schemes proposed by the
Iranian government to improve irrigation management efficiency. In the following section, we describe
existing irrigation management schemes before examining the reasons that farmers gave for rejecting
these schemes.

 

Figure 1. Kashan City in Isfahan province in Central Iran.
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Table 3. Data collection in Kashan Villages (2011–2013) 1.

Methods

Participants
Local Farmers Ali-Abad

Local Farmers
Fakhreh

Local Farmers
Rijen

Local Farmers
Kashan

Deep Interviews 4 2 3 1
Semi-structured Interviews 3 (total 12 farmers) 2 (6 farmers) 1 (4 farmers) 1 (3 farmers)

Group Discussion 3 (total 38 farmers) 2 (25 farmers) 1 (8 farmers)
1 In four different villages and in the Kashan City, separate sessions of deep and semi-structured interviews, as well
as group discussions were conducted. In Ali-Abad, 3 sessions of semi-structured interviews with a total of 12 farmers
were carried out. In addition, 3 group discussions were organized, which in total, 38 farmers attended. The number
of sessions and total participant farmers are summarised in Table 3.

2.1.1. Tooba’ Drip Irrigation Scheme

In Kashan, the Iranian government encourages smallholder farmers to participate in large-scale
(>10 ha) irrigation schemes, termed ‘Tooba’, comprising drip irrigation systems, which seek to improve
irrigation delivery efficiency. The micro-drip irrigation system (in the ‘Tooba’ scheme) provides water
and fertilizers through a network of narrow plastic tubes, and water is delivered directly to the root
zone, or soil surface, to supply plant water requirements. In Iran, the area under micro-irrigation
system is ~400,000 ha [25]. This method can prevent groundwater over-exploitation and reduce water
wastage [26,27]; however, in arid regions, its implementation presents many challenges, which require
detailed environmental monitoring of the irrigation system and engagement with local farmers.
For example, Rodriguez Diaz et al. [11] evaluated water transmission from surface irrigation to a
pressurized drip system in Guadalquivir (Spain) and reported a 40 percent reduction in water diversion,
but with a 200 percent increase in cost. Given the expense, farmers with large land holdings and
better access to water resources are in a better position than subsistence farmers to invest in the
expensive irrigation equipment required [28]. In addition, studies using agro-economic models to
evaluate pressurised systems to improve irrigation efficiency noted increases in water consumption
rates, which is known as the rebound effect (e.g., [8]). This effect occurs where modern irrigation
systems lead to increases in irrigated land areas, and the saved water is used to increase the extent
of agricultural cultivation in situations where there are no limitations on water rights, leading to an
increase in overall water consumption [29,30].

2.1.2. Sub-Surface Piped Irrigation System

Recent applications of sub-surface piped water technology for irrigation have included the use of
30 cm diameter polyethylene irrigation pipes installed at depths of ~1 m. These were introduced by
the Iranian government in 2012 to reduce water transmission losses and improve irrigation efficiency.
Different water distribution systems (such as canals or pipes) are usually tested by farmers, and their
reflections on the practical utility of these systems can help local agencies to improve the system or to
introduce different methods or devices.

The majority of studies promoting drip irrigation systems have had an experimental focus, whilst
information on farmers’ perspectives on these systems, and on collective irrigation management
practices, has been limited [27,31]. There has also been little critical evaluation of farmers’ perceptions
of Iranian government schemes: there has been no local evaluation of the ‘Tooba’ irrigation scheme,
nor have participatory and community-based management approaches to irrigation management
been assessed.

2.2. Methods

This paper considers the perspectives of different groups of farmers who participated in a
qualitative research study including a combination of group discussion, semi-structured interviews
and a participatory irrigation simulation exercise (to be described in a subsequent paper). Four periods
of field-work were undertaken over three years (2011–2013), each year for a period of between 1
and 2 months. Interviews and group discussions were conducted with experienced farmers and
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local water management authorities in the region (Tables 3 and 4). The purpose of the interviews
were to: provide general background understanding of the irrigation system in Kashan; identify
the main problems regarding irrigation efficiency, sustainable groundwater management, and the
implementation of irrigation rules and management practices, as well as existing cultures regarding
irrigation from the perspective of local farmers. Semi-structured interviews were designed on the basis
of key statements extracted from preliminary ‘deep interviews’. The former were conducted with
25 individuals, in farmers’ houses or on their land (see Appendix B). Further interviews were conducted
with officials in relevant local agencies, including the Regional Water Authorities of Kashan, with the
responsibility of managing and maintaining the irrigation infrastructure (water canals, reservoirs and
large-scale groundwater schemes) and delivering water to farmers. Officials in the Agricultural Jihad
Agency were also interviewed: this body oversees the development and management of on-farm
irrigation schemes. In total, 4 in-depth and semi-structured interviews were conducted with different
management bodies in two sub-district regions of Kashan and Aran-Bidgol (Table 4).

Group discussions were invaluable in encouraging farmers to engage in debate, particularly prior
to, and after, implementation of government irrigation schemes. A total of 6 group discussions was
conducted to explore challenges in irrigation management and identify farmers’ perspectives towards
government schemes. These interviews were translated and transcribed into English for analysis.
The transcripts were coded using NVivo, to enable the information to be classified to identify themes
for further discussion.

Table 4. Key governmental departments interviewed (2011 and 2013).

Official Agencies

Roles/Interviewees
Official Role

Number of Interviewees and
Types of Interviews

Agricultural Jihad Agency Chief of rural
cooperative 1 semi-structured interview

Water and sewage agency (in two
sub-districts of Kashan and Aran-Bidgol)

The head of water
agencies

1 in-depth interview and
1 semi-structured interview

Academic experts University lecturer and
PhD students

1 in-depth interview with academics
2 group discussions with PhD students

3. Results

3.1. Challenges for Local Stakeholders with Groundwater Irrigation Management in Kashan

In this section, we summarise the interviews with local farmers and water agencies on their role(s)
in Kashan’s irrigation systems and outline their perspectives on challenges regarding the sustainable
use of groundwater resources. The interviews identified many challenges with current groundwater
management and irrigation practices in Kashan, due to a combination of harsh climatic conditions,
the long-term overexploitation of groundwater resources, decreasing water quality and the lack of
effective controlling and monitoring mechanisms for groundwater abstraction. The introduction of
pump irrigation technology has contributed to an increasing inequity in access water supplies between
large-scale and small-scale farmers, and the latter have increasingly relied on their historic water
allocation and collective management of tube-wells to sustain their farming practises. As a result,
farmers and water agencies both consider that the sustainability of groundwater resources in Kashan
is threatened. While some of the groundwater management problems can be attributed to national
policy, others have arisen through a combination of water scarcity [14], the ineffectiveness (in some
areas) of local institutions and as a result of farmers’ local decision-making. Thus, a range of factors
contribute to the challenges confronting farmers in Kashan and, importantly, analysis of the empirical
outcomes of the interviews with local farmers show that perspectives on water values, on the rationale
for groundwater protection, the definition of irrigation efficiency and on the sustainability of water
resources differ between local communities, farmers and official authorities. Hence, there is a need to
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tackle different viewpoints and derive commonly-agreed statements of the problem prior to identifying
appropriate irrigation management plans.

The empirical findings also suggest that farmers in Kashan face particular challenges that prevent
them from taking collective action and agreeing on joint management decisions. This is the process
whereby government devolves certain actions to small-scale farmers to encourage land consolidation
and installation of drip irrigation systems and also transfers costs to farmers as part of a transition
in water governance structures from state-led to community-based management. There is also an
unhelpful focus on government schemes promoting technological solutions without considering
socio-ecological conditions (i.e., importing technologies that may not be adaptable to local needs).
Other factors include land consolidation agreements, as well as changing crop patterns, which might
be counter to traditional social and cultural practices in a particular region (see the Discussion).

The interviews with farmers also revealed that historically, Iranian water rights were adjusted to
provide a fair and equitable distribution of water to small and scattered land holdings. These small and
scattered farmlands are increasingly economically disadvantageous for farmers, and inhibit farmers’
participation in ‘Tooba’ irrigation schemes. However, while farmers are aware of the advantages
of land consolidation, which can reduce water wastage and facilitate machinery use, in practice,
land integration is difficult for farmers to achieve (see Section 4).

Regarding different perceptions on the efficiency and sustainability of groundwater use among
farmers and state agencies, farmers in Ali-Abad (2013) defined the improved irrigation efficiency as:

“Based on each farmers’ water right (refer to the Qanat allocation system), a farmer needs to
receive his water at time and if the total water reaches his plot increased by saving (water)
from seepage through the transmission canals, then it means efficiency has improved so he
can cultivate more lands . . . and his final production level and revenue is higher”.

The statement indicates the crucial importance of water right and allocation mechanisms amongst
farmers, as this provides fair access and distribution of irrigated water. This also indicates that
farmers recognize that significant quantities of water are lost during water transmission, when using
poorly-maintained water canals. The main measurement for improved efficiency for local farmers
seems to be improved accessibility to their allocated water rights, in order to maintain or increase
their production level. Farmers also stated that cement-lined, or sub-surface, tube water canals can
provide access to more water, and hence are more advantageous, as they can considerably improve
water delivery efficiency. This can significantly affect farmers’ decision-making behaviour in selecting
suitable technology. When farmers evaluated the policy on reducing water rights to one-third of the
current amount under the ‘Tooba Scheme’, they suggested initial estimates of groundwater abstraction
rates need to be re-evaluated because they were incompatible with current needs. As one farmer in
Fakhreh village (2013) stated:

“Farmers cannot cope, government has to evaluate any new policy first with farmers and
then set the rules, we cultivate based on our water right and if the policy interferes with
this we cannot accept it”.

In response to the question of whether the new water allocation rule had been re-assessed recently,
the agricultural water agent responded:

“No, we agree that there is an implementation problem for this scheme to be accepted by
farmers, but on the other hand the agency has to deal with groundwater over-abstraction”.

Many farmers stated that this state-oriented policy of water right re-allocation can potentially
disturb the historic water allocation mechanism. The implementation of more restricted rules on water
rights can potentially add extra uncertainty and increase the inequity between farmers in their access
to water.
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These empirical findings provide a deeper understanding of existing challenges when scarce
groundwater resources are the only water source available to support domestic and irrigation practices
for local communities. It is important, however, to understand the historical background to current
irrigation practices, and particularly their irrigation context. The following section uses information
from the interviews with farmers to assess the different factors influencing whether farmers might
accept or reject the government irrigation schemes.

3.1.1. Introducing Pumped Technology and Associated Difficulties

Pumped-well technology in Iran was initially thought to have been successful introduced as it
was widely adopted by farmers, although over time, it has adversely affected groundwater resources.
This raises questions over the sustainability of pump technology, which has been described as
‘the source of health, irrigation, power and control’ [32]. Farmers initially valued the flexibility
of pumped well systems, and the majority of farmers in Iran adopted these systems when they became
available, leading to increased agricultural production. In Kashan, farmers indicated that when the
government introduced pumped-well technology, they were encouraged to drill tube-wells and were
provided with incentives including a cheap tariff on groundwater, subsidized electricity, long-term
loans, free manure and aerial applications of pesticide on their farms to encourage uptake.

The introduction of irrigation wells created short-term economic benefits for many farmers,
but has led to a number of subsequent problems. One major consequence is that following the
introduction of pump technology, groundwater has become the main water source for agriculture:
it offers a more resilient water source in drought-prone regions such as Kashan and can sustain local
livelihoods and incomes. This illustrates how “groundwater development can improve socio-economic
status of poor to a greater extent than traditional surface water” because it needs less initial investment
to dig a new well, and it can be drilled inside the farmland [33]. However, as the technology was widely
applied and was managed inappropriately, there were only short-term benefits. Extensive groundwater
exploitation has resulted in salinization and degradation of soil and water quality. Interviews with
representatives of the local water authorities indicated that the main reasons of soil salinization in
Kashan included: the local geology, climate (high evapotranspiration, wind-borne salinity), saline
groundwater intrusion, traditional irrigation methods and the usage of saline water in agriculture.
As the situation has deteriorated over time, farmers’ choice of crops has become increasingly limited
to salt-tolerant crops, such as pistachio, barley and wheat, which has reduced agricultural incomes.

Farmers in Kashan expressed their dissatisfaction with increased farming costs and indicated that
they had become more vulnerable as pumping costs have increased and groundwater abstraction rates
have been controlled by the state. Irrigation costs have also increased while government subsidies
have been removed. This has contributed to an increasingly uneven pattern of water distribution and
water accessibility, which presents significant social and economic disadvantages for farmers. Inequity
in access to water resources is one of the main social consequences that have arisen through pump
technology: farmers in Kashan suggested that richer farmers have sufficient capital to purchase more
land and water rights, and hence, their production levels and revenues are higher than poor farmers
with limited access to water. Higher revenues also mean that rich farmers can easily pay the increasing
labour and electricity costs and can secure loans to adopt modern irrigation facilities.

Although rich farmers work independently, in comparison to poor farmers, farming is not their
main occupation. Small-scale farming systems include a large number of shared owners of wells who
had previously shared water rights in a Qanat system. Where there are high numbers of shared owners,
the benefits to the individual farmer is reduced with lower income and profit. Small-scale farmers,
who cannot afford to purchase additional water rights above their historical allocation, also believe
that richer farmers have secured better access to water sources through corruption in recent years.
However, groundwater abstraction appears less susceptible to corruption in comparison to large-scale
surface abstraction schemes.
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3.1.2. Problems of Management Transfer

Current management problems in Iranian agriculture and irrigation management systems are
associated with a change in the control and maintenance of water supply and distribution systems from
individual communities to government authorities known as management transfer. Nationalisation
of water and irrigation management practices and organisations commenced during a process of
land reform in the 1960s, which has transferred irrigation management from a feudal basis to
the state [34]. There have been several consequences for irrigation practices, particularly at a
local level. Crucially, in contrast to the previous situation when the landlord was responsible for
the distribution and maintenance of the water supply infrastructure, this responsibility has been
transferred to the government, which enables the state to control and monitor farmers’ abstraction
rates. Farmers stated that in the traditional irrigation system, they worked collectively in activities
such as irrigation, harvesting, land preparation and cultivation and in cleaning and maintaining Qanat
systems and irrigation canals. Farmers tried to transfer these collective activities to the tube-well
system management; however, collective management of water and irrigation systems largely ceased
following the installation of private tube-wells by large-scale farmers. At present, farmers believe it is
not their responsibility to protect and control groundwater abstraction rates from tube-wells, although
when they used the Qanat systems, they were responsible for maintaining the water supply system.

In general, farmers have struggled to maintain their traditional water rights and allocation systems
when adopting new irrigation technologies. One farmer in Abu-zeid Abad village in Kashan (2012)
stated that:

“Today it’s the water that gives value to the land. The value of water is increased because
its price has increased . . . We stayed here because of available water”.

Farmers also stated that collective ownership of tube-wells (by small-scale farmers) could ensure
equitable access to groundwater resources and reduce pumping costs. However, government policies,
such as drip irrigation systems, affect existing collective actions and water right regimes in ways that are
particularly problematic for poorer farmers. Many small-scale farmers stated that this state-oriented
policy disturbs their historical water allocation and the way they collectively manage irrigation
practices. They considered it was neither suitable nor effective for them to use drip irrigation systems
to support their existing farming patterns, and these farmers could not be persuaded to accept
this method.

Small-scale farmers also outlined how a drip irrigation system was inappropriate for Kashan,
as with their scattered land holdings and brackish groundwater, it was not feasible to use drip
systems to irrigate pistachio trees. There were further problems with the labour-intensive maintenance
requirements, high rates of water leakage, the cost of repair and worries about theft of key
infrastructure components.

Consequently, the majority of farmers (both medium and small-scale) have tended to reject
modern irrigation systems (i.e., drip irrigation methods) as this would require differing practices of
collective ownership and action (see the Discussion). As a result, farmers would be unable to predict
and accept future risks and would be unable to assume the responsibilities associated with modern
irrigation technologies.

Another underlying factor in rejecting drip irrigation was provided by a farmer in Kashan who
stated that:

“This is why we cannot accept drip irrigation system, because then we have to establish a
shared water reservoir; but each farmer wants to have his own authority on his 4–5 h of
water within traditional water right allocation. The Jihad Agriculture (the agency) wants
a farmer to manage his water in reservoir while it is not adapted to our practical water
allocation mechanism”.
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When installing drip irrigation systems in the ‘Tooba’ Scheme, farmers have to construct small
reservoirs to store their water allocation, which is then distributed through drip irrigation to their lands.
This disturbs traditional water allocation mechanisms. It is also problematic given the scattered land
ownership, and it is difficult to allocate water rights to farmers from the reservoir. Group discussions
with farmers indicated that construction of a reservoir and the adoption of a drip irrigation system
require farmers’ agreement to consolidate their land holdings and become eligible for a government
loan. For small-scale farmers, construction of the reservoir and/or drip systems and funding subsequent
maintenance is expensive, requiring collective ownership of the infrastructure to share their cost equitably.
Farmers pointed out that land consolidation requires extensive effort and agreement between farmers,
which cannot be easily arranged.

As part of the contemporary water governance regime in Iran, the government has tried to promote
a decentralized management approach to irrigation and to improve stakeholder engagement in irrigation
management practices, but this appears to have been largely unsuccessful [35]. For example, in the
new irrigation systems, the government has reduced financial support for farmers and has gradually
transferred responsibility for irrigation management to farmers. However, adoption of this policy requires
capacity building among small-scale farmers who rely on government financial support to implement
and maintain their irrigation systems. The government policy of decentralization essentially transfers
costs onto poorer farmers, with insufficient financial support and limited education and capacity building.

Farmers identified other factors that discourage their participation in large irrigation schemes,
which mainly related to a lack of financial resources to invest in projects, the lack of agreements and
cultural differences, inefficiency and poor coordination by rural institutions and unsuitable irrigation
projects for farmers (with respect to profitability). However, poverty is the main factor affecting
farmers’ capacity to adapt to conditions of water shortage [36]. Other factors influencing the successful
introduction of new irrigation technologies in Kashan are described below.

4. Discussion

4.1. Factors Influencing Farmers’ Adoption of Government Irrigation Schemes

The main government schemes discussed here are the ‘Tooba’ scheme and associated policies
(including the installation of drip irrigation systems, reduced water rights and land integration) and
changing cultivation patterns with increasing pistachio cultivation. Different factors influence the
acceptance or rejection of government schemes including: biophysical adaptability, economic return,
cultural and social adaptability, which are analysed here from empirical research and by reviewing
the literature. If a new government irrigation scheme includes all these factors, it is likely that local
farmers will accept the project and participate in its adoption.

4.1.1. Biophysical Adaptation

As stated previously, the combination of changing water supply systems and mechanisms for
water abstraction has led to significant changes in the Iranian irrigation and water distribution
infrastructure. Government policy over the last 30 years has mainly focused on improving irrigation
efficiency by introducing different irrigation technologies and encouraging farmers to adopt devices to
control abstraction. Empirical evidence (e.g., [37]) suggests that farmers have failed to accept many of
these policies, controlling mechanisms, or technologies, as in most cases, they are inappropriate for the
local circumstances. The introduction of new technology (e.g., drip irrigation methods) requires social
and material adaptability, and the most successful technologies are those that are flexible given the
existing social, biophysical and cultural situation [34]. Bijker et al. ([38], p.13), argue that technological
choices often require an iterative process of negotiation between members of each group to shape
and confirm the best technological option. Implementation of each technological solution may bring
different advantages or problems for local users, and it is important that the technology is fully
evaluated and can be adapted to different ecological, social and cultural conditions ([34], p.28).
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The climatic and biophysical characteristics of a region will also affect the adoption of a particular
irrigation technology. In Kashan, farmers outlined their main reasons for rejecting proposals to reduce
water abstraction rates to one-third of their current amount: farmers suggested that given the harsh
regional climate, it was difficult to use less irrigation water. Currently, farmers are irrigating continually
(for almost 24 h a day), and yet, they are still unable to achieve a good yield, so they question how they
might increase production with much less water. For example, when discussing the adaptability of
drip irrigation systems to the regional climate, one farmer in Ali-Abad village (2013) said:

“This region is a desert land and it must be irrigated with flood method and consumes
lots of water because the region is hot, and the soil is clay, so within 10 days we should
irrigate again”.

The other main limitation to adopting the drip irrigation system is that it is only suitable for wells
with low salinity groundwater (i.e., with an electrical conductivity (EC) <3000 μS cm−1). Where water
has a higher salinity, drip systems typically become blocked with sediment, and the groundwater in
most villages in the Kashan plain is above the salinity threshold.

Another farmer in Ali-Abad village (2013) stated that the permitted volumes of water abstraction
and the degree to which farmers’ must reduce their abstraction hours mirrors the practice in other arid
countries and had not been assessed in the context of local water needs and climate. Farmers also
suggested that water rights should be gradually reduced by government, as a sudden reduction would
present financial problems.

It is evident that although farmers have struggled to maintain traditional water right systems,
which could potentially ensure equitable access to groundwater resources, government policies (such as
encouraging drip irrigation systems) affect existing water rights in ways that are problematic for poorer
farmers. Farmers explained how drip irrigation systems were inappropriate as given their scattered
land holdings, they could not use drip systems to irrigate pistachio trees. Farmers also explained that
sub-surface piped water irrigation schemes could be more acceptable as the water outlets matched the
time slots of the traditional water allocation mechanism. As a result, the water was not exposed to
sunlight, and evaporation losses were much less in comparison to open cement-lined canals.

4.1.2. Economic Advantages/Returns

Economic factors act as both incentives (in terms of providing higher agricultural revenue) and as
barriers (financial constraints) for farmers’ acceptance and adoption of a particular irrigation scheme
or technology. Under conditions of water scarcity and reduced farm income [39], any new system that
could improve agricultural production by increasing water availability for farmers is an advantage
that would help farmers accept technologies such as sub-surface piped irrigation systems. On the other
hand, financial constraints can affect a farmer’s choice of a particular irrigation scheme, and farmers’
financial status should be considered when introducing government schemes. The government
is required to provide sufficient financial support or loans for farmers, based on an estimate of the
project’s cost. However, in Kashan, the area of cultivated land has fallen due to increasing water scarcity,
and farming costs have increased (due to the use of electric pumps and the removal of subsidies).
This has prevented Iranian farmers from investing in schemes to improve the irrigation infrastructure.

Empirical findings from the interviews indicated that farmers were fully aware of the importance
of sustainable abstraction and irrigation practices. However, as a result of their small and fragmented
land ownership, farmers lacked the financial resources to address the problem.

One local farmer in Ali-Abad village (2013) indicated:

“Land integration has many advantages, when we did it the government supported us,
my lands which is around 1 hectare were scattered in 5 to 7 different locations, but now
they are all gathered into one piece”.
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Agricultural productivity varies according to the type of farmer (particularly their farm size),
the farm location and access to water supplies. Wealthier farmers, who could afford to purchase more
water rights, were usually interested in consolidating any fragmented land holdings and increasing
the size of their farm to enable adoption of modernized irrigation facilities to increase crop yields and
hence income. Poorer farmers, with small- or medium-scale land holdings, had more difficulty in
accepting and adopting new irrigation technologies. Farmers were also confronted with economic
uncertainty in agricultural production as the state provides insufficient support for capital investment
and there is a significant barrier for farmers in adopting new technologies, which might present an
economic risk.

The other economic factor influencing acceptance of a particular scheme is crop value, which is
the most important element relating to agricultural revenues. As farmers became more educated and
wealthier, they moved from low value crops to higher value crops and cash crops as water availability
increased with expansion of private tube-wells. This has compelled farmers to use more efficient
technologies and develop national or regional markets for their products [20]. However, this is only
possible for wealthier farmers: medium or small-scale farmers in Iran have retained traditional crop
cultivation practices. The Iranian government has sought to persuade poorer farmers to cultivate
crops requiring less water to conserve groundwater resources (although this scheme also requires land
integration by farmers).

In this regard, and in response to the water shortage and salinity problem, one farmer in Kashan
(2013) added: “We decided to change our cultivation to crops that use less water for irrigation, we came
to this conclusion that the best way to irrigate with saline and scarce water is to plant pistachio in
Kashan. The quality of groundwater is not good for cultivation of crops such as cucumber, tomato,
fruit trees or vegetables; they will not grow and under extreme salinity those dry out quickly”.

Regarding the government plan to encourage a change in cultivation patterns to pistachio trees,
one major consequence would be the change to local farmers whose livelihood depends on short-term
crops such as wheat and barley. It was found that small-scale farmers adopt an economic strategy
based on the profitability of individual cultivated crops. The strategic behaviour of one farmer in
choosing an appropriate crop pattern, in Rijen village (2013), was described as:

“Our strategy is to see which crop is profitable for us in a short term, if it has economic
return then we plant it otherwise we don’t follow governmental crop pattern. Because we
have to pay for everything so it must be profitable for ourselves. Officials just express their
request blindly but they do not stick to their promises to support us”.

If they are to implement the new irrigation systems provided by the government, farmers
(particularly the poorer farmers) would require more financial support. However, farmers stated that
as their production does not contribute to the national economy, the government has reduced financial
support and has instead allocated the budget to large-scale industrial cultivation.

Some farmers expressed concern that by increasingly removing agriculture from this area and
introducing industrial activities, they would no longer have a viable livelihood, particularly as they
had no experience of working in industry.

The government is also seeking to reduce water rights to one-third of their current volume.
This presents significant economic disadvantages for farmers, which is the main barrier to accepting
this policy. One farmer indicated that the government would not allow farmers any choice and the
scheme would have significant economic disadvantages for small-scale farmers. Hence, small-scale
farmers would not adopt this policy as their reduction in water rights would result in a significant
reduction in farm income. This would leave them with no choice other than abandoning farming and
migrating to a city in search for work. However, whilst protecting groundwater from over-exploitation,
significant quantities of water will be used in proposed industrial developments, which overshadows
the gain for farmers. In situations where there is insufficient control and regulations over aquifer water
levels (in terms of issuing new abstraction permits and the monitoring of groundwater abstraction
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rates) and where some stakeholders have better access to groundwater resource, any re-allocation of
water rights may aggravate competition over water and contribute to environmental degradation.

4.1.3. Social and Cultural Adaptability

The historic irrigation rules and social relations around the use of traditional irrigation systems
particularly Qanats, in different parts of Iran have developed over centuries and rely upon scientific
and participatory management [38]. Thus, these rules have been integrated in each community
and cemented through social capital and adaptive rules, which are very difficult to change through
government intervention. Individual technologies can greatly affect the social relations between
farmers, which make them reluctant to accept technological innovations. The importance of social
norms (in the context of this study, water rights and allocation rules) is a key factor in influencing
communities in acceptance of new technology or practices [40]. In general, society is reluctant to change
traditionally recognized relationships, and new technologies may bring different social interactions to
a society [34]. After introducing tube-well technology, the availability of water that provides profit has
become the main criteria when valuing water and land.

Introducing pump-well technology has presented many challenges and difficulties for farmers
who have adopted it. However, this technology can increase their access to water resources, and farmers
have transferred the traditional rules of Qanat to tube-wells. Ultimately, any new technology that does
not bring value for farmers, or does not improve their access to water (improve efficiency), or conform
with their water allocation mechanisms is unlikely to be adopted. Kamash [34] argues that technology
is interconnected with the history, culture and norms in each society, and hence, it is essential to
consider social and cultural factors when adopting new technologies. Issues such as water rights
and allocation mechanisms, as well as cultivation patterns and landholding systems are historical
circumstances that are rooted in farmers’ local culture and social norms, which create a sense of social
capital between them to cooperate and trust each other and local agencies. Changes in any of these
conditions will have consequences.

However, some of the decisions may be made on the basis of misconceptions as suggested by a
manager in the Agricultural Jihad Agency when indicating why farmers might reject the drip system:

“In flood system (under Qanat), because farmers used to see 5–10 cm water on top of soil
now they don’t accept drip method, they say that tree fails. Maybe under drip system,
long rooted trees fail (because of insufficient water seepage through soil layers), it is based
on farmers’ experience but scientifically drip system is approved, and for their new crops
they can adopt this system”.

The other crucial factor that has been identified in Kashan is that the technologies and policy
schemes are not localised [17] and the rules are not adaptable to a particular climate or to the
socio-economic conditions of the region. For example, when questioned about changing cultivation
patterns, one farmer in Ali-Abad (2013) suggested that farmers would regret changing the cultivation
pattern to mono-cropping within a few years. He stated that:

“I am not against pistachio cultivation but I’m saying that farmers get regret in 10 years.
Now farmers say that cultivating tree is easier but if all cultivate pistachio, farmers would
not bother to plant any wheat. Because the main livelihood is bread, if we do not have
anything we can just eat bread but pistachio is an economic crop and cannot feed us.
Under that situation, government may import more wheat... I think government is trying
to make this region economic or industrial . . . ”

The change in cultivation patterns threatens traditional livelihoods, which emphasis the
integration of agriculture and husbandry activities. Traditionally agriculture and animal husbandry
are interlinked [38], creating a resilient system for vulnerable farmers, and any minor impacts have a
significant impact on other activities. One farmer explained that: “for example, if someone wants to
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have husbandry he must have alfalfa or barley production beside it”. Farmers indicated that husbandry
has reduced because the price of fodder has increased (with an unstable market for barley) and it is
not profitable to continue husbandry. The majority of farmers found it unprofitable if they do not
keep farming and husbandry together, and it seems that husbandry can help traditional farmers pay
their agricultural costs. Thus, retaining the existing diverse cultivation pattern is a more strategic and
resilient option for farmers rather than changing to industrial crops such as pistachio. Crop selection by
farmers is thus undertaken on the basis of water availability and climate, as well as cultural traditions
and economic need [41]. Changing cultivation patterns are one strategy that farmers use when one
crop has a low yield; however, the crop they choose must be adapted to saline water and periodic
water deficit. Government attempts to introduce new crops into the region are based on observations
of a few large-scale farmers’ experience in pilot studies, but these crop patterns usually differ from
the majority of farmers’ circumstances, as they practice small-scale farming and have significant
financial constraints.

5. Conclusions

A lack of critical evaluation of management projects and governance systems in Iran has resulted
in ineffective management strategies and outcomes, which are designed in a top-down manner.
There is also a lack of analytical studies on the role of local farmers’ behaviour in managing land
and groundwater resources in arid regions of the world, and also in the specific characteristics of
groundwater as an invisible common-pool resource for irrigation purposes. Government projects
seeking to address water scarcity problems have been mainly technologically-oriented and lack
sensitivity to the local social, cultural and biophysical context. This paper has reviewed the main
challenges in groundwater irrigation management and practices in Kashan, Iran, from the perspective
of local farmers. The main challenges confronting farmers include: management transfer, inappropriate
technological solutions and incompatibility of proposed irrigation schemes with the biophysical,
social-cultural and economic status of the region.

In the local irrigation system in Kashan, the rules used for irrigation management follow
traditional mechanisms of water allocation and distribution, in which equity and timing play a
major role in water delivery and division. Farmers conform to these rules and water right allocation
because of the legacy of the Qanat system, and they believe that their irrigation practices satisfy their
own perceptions of efficiency. This empirical study shows that farmers in Kashan collectively cooperate
in regulating water distribution, in which each farmer receives his exact water right on time and in an
equitable manner. For example, historical water rights were adjusted to provide a fair distribution of
water to small and scattered pieces of lands, which is now problematic given the difficulties of land
consolidation to implement ‘Tooba’ drip irrigation scheme. From the simulation mapping exercise and
deep interviews, farmers collectively indicated that the agreements for land integration for installation
of the ‘Tooba’ scheme require extensive effort between farmers, which is not possible within a short
period of time. Farmers also consider groundwater resources to be threatened, but believe that their
historical water allocation and irrigation rules provided each farmer with their own water rights,
thus sustaining farming practices. If government approaches do not consider these mechanisms and
collective rules, they will not be successful in managing groundwater resources.

The results indicate the importance of articulating local knowledge and identifying local solutions
when making management decisions. The common-agreed policies and management options should
be developed under suitable institutional settings, which empower farmers by engaging them in
management processes as key stakeholders. By considering local irrigation culture and social economic
factors when shaping water management regimes and identifying obstacles inhibiting farmers’
participation in government schemes, it is possible to develop a more integrated approach to irrigation
management. This highlights the need for more local adaptive management solutions in response to
reduced governmental financial support. These solutions will become more necessary given climatic
uncertainties (e.g., increased temperature and reduced precipitation) and the socio-political situation.
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Regarding improved irrigation efficiency, groundwater over-abstraction and the occurrence of
externalities are the consequence of dysfunctional basin management, and farmers are not solely
responsible. Farmers are the main stakeholders who suffer from the impacts of water scarcity and
are the main group who will be affected by water reallocation. In this basin, better efficiency in
irrigation systems does not necessarily benefit farmers significantly. Therefore, it is essential for further
empirical studies to investigate the local impacts of micro-irrigation systems’ application; otherwise,
land expansion (following land consolidation), new crop patterns and re-allocation of water rights
may adversely impact water use and consumption rate. Interviews with farmers suggested that the
irrigation technologies used to improve efficiency need to match the definitions used by farmers.
Farmers want to increase water accessibility to their lands and to maintain agricultural production,
and this is particularly the case for small-scale farmers. There are also challenges related to governance
issues, which have resulted in a reduction in water rights and also shifting agricultural costs and
responsibilities onto farmers. This has only raised dissatisfaction and destroyed trust and cooperation
with local governmental agencies. The lack of capacity building programmes to empower farmers’
decision-making abilities has also increased the social and financial constraints facing poorer farmers.
Transferring management to communities will only be successful with increased participation of
resource users in management-decision processes, but it will be impossible unless the government
establishes a new relationship with the owners of the resource. The policy of decentralization seems to
shift agricultural costs onto poorer farmers, as well as the cost of installation and maintenance of the
recently introduced technologies, without sufficient financial support, education and establishment of
capacity building among local farmers through the local institutions.

From this argument, it can be concluded that the government is not the final arbitrator for
groundwater irrigation management and sustainability. Managing groundwater resources requires
collaborative efforts between local farmer communities and responsive governmental organizations.
While the role of government’s financial supports in developing countries is crucial, farmers also
need to have their own self-regulated strategies and alternative management solutions. The role of
government should be eliminated and most responsibilities be transferred to the local institutions and
farmers’ communities. However, it is essential that the government still provide financial support
and infrastructures for poor systems, as well as trying to establish effective institutions to engage
farmers in management decisions and empower local capacity to undertake parts of governmental
roles and responsibilities

This paper has also reflected on some of the main factors influencing farmers’ decisions to
select a particular irrigation scheme or technology. These include the adaptability of the irrigation
management solution to biophysical, economic, social and cultural conditions within a local irrigation
context. To introduce new irrigation schemes or new technologies, the system needs to be tested and
evaluated through pilot studies, and after confirming the project’s suitability, it could be implemented
at a wider scale. The adaptability of the irrigation technology to the arid climate, the traditional culture
and social norms of water allocation mechanisms must be carefully considered, in order to work with,
rather than against farmers’ prevailing values and behaviours. An in-depth understanding of these
challenges and the main factors in the implementation of a successful irrigation management scheme
in the region can facilitate introducing a more suitable irrigation technology and improve collective
agreement for the adoption of governmental policy schemes.

According to the study’s findings, there is the potential for farmers at a local level in Kashan
to participate in irrigation management projects. Farmers are willing to improve collective action,
and they accept strategies that are adaptable to their irrigation practices to improve irrigation efficiency.
The study suggests the crucial role of local informal meetings as the main support for integrating
locals’ knowledge and perspectives into management decisions, which promotes social capital and
empowers farmers’ decision-making abilities. Under an appropriate framework approved and
encouraged by political will and communities’ capabilities for engaging in management decisions,
the implementation of wider participatory irrigation management would be possible. Given the high
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uncertainty and low controllability of groundwater as a ‘common-pool resource’, there is a strong
argument for more community-based and adaptive approaches to water and irrigation management.
It is necessary to articulate local knowledge and local solutions in management-decisions in the region:
by considering the role of local irrigation culture and social economic factors in shaping current water
management regimes.
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Appendix A

 

Figure A1. Source: The International Centre on Qanats (ICQHS), Yazd, Iran.

Appendix B

Interview Guide- Sample Questions: Local Farmers in Kashan and associated Villages
Personal Information:

Serial no:
Sector:
Rural:
Date of Interview:
Interviewee: Gender: Age: Mobile Number:
Name of Farm:
Location of Farm:
Farm establishment date:
General Questions on Occupations, Ownership Status, Cultivation Pattern, Irrigation

Methods:

What are your responsibilities/roles in agricultural activities?
Are you the main land owner? How large is your farmland area?
If you are sharing your land how many farmers you are working with?
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What is your cultivation pattern in different seasons?
What is your irrigation method?
Questions from local Farmers on Water Value and Traditional Irrigation Practices:

How modern allocation schemes affected farmers’ traditional perspectives and behaviours
towards agricultural water consumption?

How inappropriate governance in the past affected farmers attitudes towards new governmental
water scheme projects?

What are farmer’s perspectives towards reducing agricultural water consumption?
How different governance structures affect individuals’ incentives and capabilities to cope with

collective-action problems involved in system operation and maintenance?
Social and Cultural Questions: Kashan

What is your current agricultural water condition? Do you see any reasons to reduce/increase
your water abstraction?

How modern system of water allocation has affected your agricultural activities and your income?
What is the main factor for rejecting new irrigation scheme?
Which factors would increase/affect your trust in agricultural water schemes?
Irrigation and agricultural Issues:

Would you apply ‘Tooba scheme’ for your farmland? Which factors affect your decision to accept
or reject it?

Do you know farmers who have applied ‘Tooba schemes’ for their garden? How would they
evaluate it?

Do you think of changing your cultivation pattern to halophyte crops? (Less water consumption
plants?) What do you think about this method?

Questions relate to access to groundwater and social inequity

1. Are there any informal arrangements organised by small-scale farmers for accessing to
groundwater? Why do they need this, and what is their approach?

2. Do you think access to groundwater is equal between small-scale and large-scale farmers?
How land integration can improve farmers’ access to water and improve irrigation efficiency?

3. How much land ownership status (small or large scale, assignees or tenant) has affected social
inequity in terms of accessing groundwater and irrigation distribution systems?

4. How farmers have secured their access to water resources? Which obstacles exist against their
water security?

Interview Guide: Governmental Organizations in Kashan

General Questions: Water and Climate Changes in the Region

Which organizations are involved in addressing key issues and problems related to impacts of
Climate change/water resources problems?

What are the policy or strategy documents to guide their work?
What are the strengths and weaknesses of the institutions?
How people have access to information on current and future water problems?
What livelihood or economic sectors are the most vulnerable to climate change impacts? (i.e., to the

water shortage problems).
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Abstract: Drylands are characterised by patchy vegetation, erodible surfaces and erosive aeolian
processes. Empirical and modelling studies have shown that vegetation elements provide drag on
the overlying airflow, thus affecting wind velocity profiles and altering erosive dynamics on desert
surfaces. However, these dynamics are significantly complicated by a variety of factors, including
turbulence, and vegetation porosity and pliability effects. This has resulted in some uncertainty about
the effect of vegetation on sediment transport in drylands. Here, we review recent progress in our
understanding of the effects of dryland vegetation on wind flow and aeolian sediment transport
processes. In particular, wind transport models have played a key role in simplifying aeolian processes
in partly vegetated landscapes, but a number of key uncertainties and challenges remain. We identify
potential future avenues for research that would help to elucidate the roles of vegetation distribution,
geometry and scale in shaping the entrainment, transport and redistribution of wind-blown material
at multiple scales. Gaps in our collective knowledge must be addressed through a combination of
rigorous field, wind tunnel and modelling experiments.

Keywords: drylands; wind erosion modelling; drag partition; aerodynamic roughness; remote sensing;
computational fluid dynamics; cellular automata

1. Introduction: The Drylands Context

Dryland environments, which constitute about 47% of the global land area [1], are extreme in
their nature, typified by non-equilibrium conditions in climate, vegetation and geomorphology [2,3].
The strong interannual variability in precipitation characteristic of drylands [4,5] often results in
ephemeral vegetative cover [6] or distinctive spatial patterning [7]. In turn, the limited nature of
vegetation cover makes it an important control on the rate and extent to which geomorphological (and
notably aeolian) processes operate.

Aeolian processes are increasingly viewed as major abiotic drivers that can have important
consequences for landscape evolution [8,9], biogeochemical cycling [10,11], regional climate [12–14],
land degradation [15–17] and public health [18,19]. Wind regime and sediment supply are known
to largely control the formation of bare-sand dunes (e.g., [20–23]), but the complicating effects of
vegetation, which form part of a wider, multi-scaled interplay of biophysical and anthropogenic
factors, are less well understood [24–26].

Many of the potential effects of climate and land use change over the 21st century are likely to
be mediated through aeolian activity in dryland landscapes [27,28]. Pressures on dryland resources
are increasing as the population of the global arid zone, which is located mostly in the developing
world, surpasses 2 billion people [29,30]. These pressures, combined with increasingly arid conditions
owing to climatic change [13,31–33], are driving rapid, large-scale vegetation shifts that alter rates and
patterns of soil erosion and modify ecosystem functioning and structure [6,34]. Land degradation,
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a form of regime shift whereby the environment changes potentially irreversibly to a new state [35],
is likely to have a major impact on food security and environmental quality [6,36]. Changing vegetation
patterns may lead to large-scale reactivation of dune fields and desert encroachment in many of the
world’s most vulnerable regions [8,9,33].

Given the key role that vegetation plays in modulating abiotic processes in drylands, this paper
reviews recent studies to provide a holistic view of the effect of vegetation on wind flow and aeolian
sediment transport. The paper examines: (i) the effect of vegetation on wind flow, both in terms
of the wind velocity profile and on drag, drag partition and the distribution of surface shear stress;
(ii) sediment transport dynamics on vegetated surfaces, collating information from wind tunnel, field,
and modelling studies; and (iii) potential future avenues for research in these fields.

2. The Effect of Vegetation on Wind Flow

Semi-arid vegetation is often patchy and dynamic through time and space, primarily as a result of
resource (water and nutrients) limitation [37–42]. In turn, the presence of patchy plant configurations
significantly complicates wind flow near the land surface. The effect of non-erodible elements
(e.g., vegetation) on wind flow can be examined both in terms of the wind velocity profile, which
provides information at single points in space, and in terms of the partition of drag over the land
surface at larger spatial scales.

2.1. Effects on the Wind Velocity Profile

At the scale of individual roughness elements, dryland vegetation modulates the erodibility of
the surface and the erosivity of the wind through three primary mechanisms [43]. First, vegetation
can directly shelter the soil from the wind by covering a fraction of the surface and initiating a
wake region in its lee [44–46]; Second, vegetation directly affects wind velocity profiles by acting
as a form of roughness that results in the growth of a boundary layer downwind (e.g., [47–52]);
Finally, vegetation acts to trap windborne particles, thus reducing flux and providing loci for sediment
deposition [27,53–55]. These mechanisms are explored in further detail below.

2.1.1. Plant Wake Dynamics

Single roughness elements such as plants shed turbulent eddies in a way that causes the flow in
the wake to be separated from the surrounding flow [43]. For smooth, solid objects the interaction
with the flow is relatively predictable [56], but characterising flow around live plants that are porous,
pliable and of diverse geometry, is significantly more complex.

Using wind tunnel data, Judd et al. [44] built on the work of Wolfe and Nickling [43] to classify
zones of flow around single porous roughness elements (see Figure 1). As wind approaches an obstacle
(A), the air in the layer below the top of the element slows down and diverges upwind, with some air
continuing through the porous obstacle to create a region of slower bleed flow in its immediate lee (C).
As air is forced around the element and the flow lines are compressed, a region of accelerated wind
develops above it and to its side (B). A low-velocity zone forms in the sheltered area of the obstacle
(D), where wind velocity drastically decreases or even reverses in direction to form a recirculating
eddy. This zone has variously been conceptualised as triangular in shape [57] or as a ‘corridor’ of
asymptotic recovery [58]. Above and downwind of the low-velocity zone, a turbulent mixing zone
grows downward from a thin layer at the top of the obstacle, eventually intersecting the ground surface
(E). Ultimately the mixing zone merges into an equilibration zone (F) as the airflow recovers to equate
to the upwind profile.
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Figure 1. Flow visualisation around a single vegetation element, showing the development of six
different flow regimes (from [46] (p. 1457), adapted from [43,44]).

The model of Judd et al. [44] for individual plants has subsequently been supported by wind
tunnel data (e.g., [59–62]) and modelling experiments [63]. However, few studies have sought to
examine the turbulent wake structures generated by dryland plants in the field. Leenders et al. [46],
who observed distinct zones of flow acceleration and deceleration around single Sahelian shrubs, showed
that turbulence intensity was higher in low-velocity zones than at other locations. They concluded
that the net effect of a shrub is to reduce wind velocity and trap sand particles near the soil surface.
Mayaud et al. [64] investigated differences in high-frequency wind flow around a single shrub and grass
clump, and showed that the bluffer nature of the grass induced more intense wind slowdown in the lee
than the shrub. This supports previous findings [65,66] that low-porosity elements induce turbulence in
their lee, but allow flow to recover to upstream conditions sooner than more porous elements.

Trees affect wind flow differently to grasses and shrubs, owing to the presence of a trunk and
canopy in the tree case [46,52,64,67]. Gross [67] and Dupont et al. [52] demonstrated using numerical
models that wind flow accelerates over and around a single tree (Figure 2), and Leenders et al. [46] and
Mayaud et al. [64] observed in the field that wind speed increases locally around the base of the trunk.
A tree’s elevated canopy produces a ‘bottom gap’ effect, whereby wind flowing near the top half of the
tree moves over its crown [61] and streamline compression between the ground and underside of the
crown results in wind speeding up [52,68].

Further downwind, the frontal impact of the tree crown produces a wake region similar to that of
a shrub, although the greater size of a tree means that it reduces wind speed more efficiently than a
shrub [46]. The length and strength of the reverse flow in the wake of a tree appears to increase with wind
speed, and the location of the minimum wind speed to shift to higher levels as trunk height increases [67].
Tree leaves may also be important for altering local airflow patterns [69], by inducing updrafts and
downdrafts in the upstream region that cause turbulent, upwelling recirculation zones to form [61].

Whilst single plants are present in drylands, vegetation often grows in clumps and patches
that can have varying effects on wind flow. The interactions of individual plant wakes with their
neighbours can be broadly described by three different flow regimes ([43] Figure 3). As roughness
element density increases, the flow regime changes from one where the elements act individually on
the flow (isolated roughness flow) to a regime where the airflow skims across the top of the elements
(skimming flow). In dryland environments, vegetation is often spaced far enough apart that the wake
shed by an individual plant can fully develop or is only slightly obscured by a downwind plant
(wake-interference flow). Lee and Soliman [70] classified these regimes by a ratio of inter-row spacing
length to element height. However, this relationship often breaks down in dryland systems because
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natural vegetative surface roughness changes are often irregular, thus affecting wind momentum
extraction and surface sheltering in differing ways [71].

Figure 2. Flow visualisation downwind of a single tree, shown as: (top panel) the normalised
time-averaged wind velocity (Vt/Vref) simulated by Dupont et al.’s [52] model, shown in vertical
cross-section. Solid black lines delimit the tree; (bottom panel) the normalised time-averaged wind
velocity (Vt/Vtxy) simulated by the model at 0.1 m height, shown in horizontal cross-section. The solid
black circle represent the tree crowns (adapted from [52] (p. 176)).
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Figure 3. Flow regimes and associated theoretical wake development, shown in schematic plan
and side view. Shaded areas are wake regions. The effect of different flow regimes on average z0

(aerodynamic roughness) and d (displacement height) per plant unit is shown (adapted from [43] (p. 57),
and [60] (p. 66)).
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2.1.2. Vegetation as a Form of Roughness

Vegetation can directly affect wind velocity profiles on desert surfaces by acting as a form of
roughness, extracting momentum from near-surface wind, which results in the growth of a boundary
layer downwind [47,48,72]. Boundary layer growth differs depending on the type of flow regime
(Figure 3). When isolated roughness elements populate the surface (<16% cover [43]), each plant sheds
turbulent eddies by diverting wind flow around and above each plant (see Section 2.1.1). This increases
drag, thus raising shear stress and the aerodynamic roughness (z0), and potentially enhancing erosion
locally [73]. An arch vortex with a reverse surface flow direction can develop directly downwind of
individual roughness elements, upwind of a flow stagnation region where the outer flow reattaches to
the ground [59,74].

In wake-interference flow (ca. 16–40% cover [43]), the increased drag and shear stress resulting
from the presence of multiple elements may only be partly absorbed by the plants themselves.
This results in stress being transferred to the inter-canopy surface, and potentially greater sediment
transport [52,75]. In the case of skimming flow (>~40% cover [43]), the increased drag from the
vegetation acts to displace z0 upwards (establishing a zero-plane displacement height, d), which
simultaneously extracts momentum from the surface wind and increases wind shear stress above the
canopy (e.g., [47–52,76,77]). The absorption of additional stresses by the plants therefore decreases
the erosion potential at the surface, despite the additional above-canopy shear stress induced by the
increased surface roughness. That is, while increased roughness density may result in greater total
shear stress, momentum partitioning between the plant canopy and the soil surface results in smaller
surface shear stresses for entraining soil particles.

Skimming flow experiments have been mainly conducted in wind tunnels (e.g., [60,78,79]) and
a few field and modelling studies of forest edges (e.g., [80–83]) and backward-facing steps (e.g., [84,85]).
However, these configurations often have more extensive low-velocity zones and delayed reattachment
points compared with vegetated cases due to their almost parallel-to-wall streamlines. More field
research and empirical observations are needed to better understand skimming flow dynamics over
full-scale vegetation patches in drylands.

2.1.3. Trapping of Windborne Sediment

Finally, vegetation acts to trap windborne particles, thus reducing the total horizontal and vertical
sediment fluxes and providing loci for sediment deposition [27,86]. The prevalence of this effect
can differ depending on vegetation height [55]: in the case of tall vegetation (e.g., trees and shrubs),
saltation transport takes place primarily below canopy level in the open space between individual
plants. In contrast, for short vegetation (e.g., grasses), sand transport takes place primarily within
and above the plant canopy, so that grasses may trap aeolian sediment more readily than shrubs.
Trees affect sediment trapping differently to grasses and shrubs, owing to their trunk and elevated
crown [46,52,61,64,67].

The deposition of aeolian sediment in the presence of vegetation occurs via three principal
processes: gravitational settling, inertial impaction and Brownian diffusion [87]. The interception
of saltating particles and suspended sediment by vegetation may be considered a part of the
impaction process, which in addition to vegetation height is influenced by vegetation porosity and
the spatial distribution of roughness over the land surface [88]. Zhang and Shao [89] formulated a
parameterisation of dry deposition for rough land surfaces that resolves the aerodynamic resistance of
the surface, gravitational resistance, and surface collection resistance as a function of the component
depositional processes. However, considerable uncertainty remains in how to effectively measure and
model sediment deposition processes for areas with heterogeneous vegetation. New approaches to
resolve the partition of wind momentum fluxes over heterogeneous land surfaces (see Section 3.2.1)
may provide opportunities to reduce the uncertainty in sediment deposition schemes.
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2.1.4. Effects of Plant Porosity, Pliability and Configuration

Theoretical calculations [57,58] and experimental measurements [46,54,62,63,79,90] suggest that
protective wakes downwind of individual vegetation elements extend to approximately 7–10 h (where
h is the height of the element). However, this can vary significantly depending on plant porosity,
pliability and configuration.

Much of the research on the effects of plant porosity and pliability on wind flow has been
conducted on sand fences and windbreaks, and findings from these are of some relevance to
plants [46,91]. Taylor [92] found that drag coefficients decreased exponentially as the porosity of
a two-dimensional barrier increased, but Grant and Nickling [91] demonstrated that a peak in drag
coefficient occurred at an intermediate optical porosity (~20%) for three-dimensional trees. It has
been shown that elements with a porosity less than 20% act to enhance wind speed recovery in
their lee [68,93–95], so elements with intermediate porosity strike a compromise between shear stress
reduction and the downwind distance for which it is effective [96,97]. However, even porosity
values of 50% can cause wake effects to extend to at least 50 h downwind of a windbreak [98].
The sediment trapping mechanism of plants (see Section 2.1.3) also depends on plant porosity [53,54,96],
with wind tunnel (e.g., [97]) and field (e.g., [91]) experiments showing that the trapping effect of
vegetation is maximised at intermediate values of porosity (20–40%). Using wire mesh structures,
Gillies et al. [86,99] showed that porous elements have a greater potential for modulating sediment
flux than solid elements in large spatial arrays.

The pliability of plants affects their aerodynamic behaviour. Some pliable plant stems alter their
form to become more streamlined in higher winds, thus extracting momentum less effectively as
wind speed increases [53]. This results in a decreased sheltering effect at increasing wind speeds, due
to a narrowing of the lee-side wake and suppression of horseshoe vortices [74,78]. Therefore, the
rigid, non-porous roughness elements commonly employed in many wind tunnel studies to simulate
vegetation arrays may provide inadequate approximations to live plants [74]. Indeed, Gillies et al. [54]
showed that flow field responses between solid bluff body forms and elements of the same form and
size that are covered with a porous outer layer surrounding a solid inner core are not equivalent.
Moreover, scaling issues linked to boundary layer depths mean that full-scale elements are rarely used
in wind tunnel experiments. This can limit the applicability of findings from wind tunnels. A few
studies (e.g., [74,78,100]) have recently used live canopies in wind tunnels, but live plants are far more
complicated to control in terms of appearance and behaviour than artificial imitations [78].

The configuration, or geometric arrangement, of windbreaks has also been shown to affect their
aerodynamic behaviour. Using a numerical model, Liu et al. [72] showed that alternate and regular
arrays of tree windbreaks provided the most protection, whereas a patchy arrangement, where trees
were clumped together in space, resulted in the highest erosive forces. Liu et al. [72] hypothesised that
this resulted from reduced diameter influences, whereby vegetation clumping decreases the total wake
spread, thus reducing the protective effects of wake interference and allowing wind to flow through
unimpeded. Wind tunnel studies [62,95] suggest that multiple-row barriers reduce wind velocities
more efficiently than single-row barriers, at least in the immediate lee. This effect is likely due to
the additional turbulence generated by a sequence of fences compared to an isolated barrier [101].
Wu et al. [62] also showed that using multiple vegetation species can provide optimal sheltering effects.
There is little research on the impact of vegetation patch configuration at the meso scale, with the
exception of some scaled-down wind tunnel experiments [60,78,79] and modelling studies of forest
edges [81–83]. Wind tunnel and modelling experiments have also been used to understand flow
behaviour around backward-facing steps (e.g., [84,85]), although these configurations often have more
extensive low-velocity zones and delayed reattachment points compared to vegetated cases, due to
their almost parallel-to-wall streamlines.

Collating information from windbreak and vegetation studies allows the main zones of flow
change to be identified and partially quantified (see Figure 4). However, whilst windbreak
studies can be useful proxies for vegetation elements, the three-dimensional nature of live plants
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(as opposed to the two-dimensional problem represented by a fence) means that findings may
not be completely transferable [46,54,64,77]. The recovery length downwind of a vegetation
patch or fence has been shown to be significantly longer than in the case of single vegetation
elements [46,54,62,64,77,81,83,91,98,102]. The difference in velocity recovery length has been attributed
to a lack of flow moving laterally around a patch [77] or a fence where the obstacle width is assumed
to be infinite [63,86,99,103], in contrast to isolated vegetation elements where faster-moving airflow
mixes with slower-moving airflow in the wake via counter-rotating vortices [59].
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Figure 4. Main zones of possible speedup/slowdown around a roughness element, as collated from
various vegetation and windbreak studies.

Furthermore, it is unclear whether windbreaks affect flow turbulence in the same way as live
vegetation. This is particularly problematic in the field, where the dynamic complexity of the flow
structures cannot be controlled in the same way as in modelled or wind tunnel environments [104].
This issue is pertinent given the evidence that turbulence is an important driving force behind sediment
entrainment and transport in aeolian environments [105–114].

2.2. Effects on Drag

Alongside the effects on velocity profiles, it is useful to consider more complex scenarios where
multiple vegetation elements affect drag across a surface. Shear stress (or drag) partitioning is
traditionally used to quantify the proportion of the wind shear stress or shear velocity (u∗) that is
acting on a soil surface, compared to the proportion acting on vegetation elements (e.g., [48,96,115]).
The theoretical basis for partitioning comes from the work of Schlichting [116], who proposed that the
total drag on a roughened surface (τ) can be expressed as:

τ = τS + τR (1)

where τS is the sum of the drag on the intervening surface and τR is the drag on all the individual
roughness elements.

Marshall [117] proposed that partition should be mostly dependent on the dimensionless
roughness density (λ), which characterizes the lateral roughness of the surface:

λ =
nbh

S
(2)

where n is the number of roughness elements of width b and height h per unit surface area S (Figure 5).
This definition implies that the absorption of momentum by elements is controlled to a large degree by
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the total frontal area of the elements [118,119]. Although the relationship between partition and λ was
not fully supported by later field observations (e.g., [73]) and wind-tunnel experiments [48,115,120],
the parameter was widely employed, particularly in the context of two principal partitioning models
by Marticorena and Bergametti [118] and Raupach [57,121]. Both models have distinct approaches
but are based on the ‘shear stress ratio’ (SSR) of shear stress required for erosion on a bare surface
to the total shear stress threshold of the surface including roughness, relying on λ as a fundamental
descriptor of surface roughness. King et al. [71] provide a comprehensive analysis of the Raupach [121]
and Marticorena and Bergametti [118] drag partition schemes through a comparison with field and
wind tunnel measurements. We detail benefits and limitations of the approaches in Section 3.2.

 

h
b

Surface area (S) 

Figure 5. Illustration of the parameters used to calculate roughness density (λ) in roughness studies:
h is element height, b is element base/width, n is the number of elements, and S is the surface area
over which the calculation is made.

Shao and Yang [122,123] demonstrated that, in addition to τS and τR, it is sometimes useful to
consider ‘skin drag’ (τC, i.e., the drag due to momentum transfer to roughness element surfaces).
For ground surfaces with sufficiently large λ, Equation (1) becomes increasingly inadequate, so
Shao and Yang [123] included τC in a modified version of Raupach’s [57] drag partitioning model.
This allowed Shao and Yang [123] to mathematically explain how increasingly closed canopies lead to
a decrease in z0 values, as is commonly observed in cases of skimming flow (see Section 2.1.2).

3. Sediment Transport on Vegetated Surfaces

The relationship between wind stress (erosivity) and the susceptibility of a surface to erosion
(erodibility) broadly determines the potential for sediment transport in deserts [124]. Most of the
evidence for the interactions between dryland vegetation and wind erosion comes from wind tunnel,
windbreak and field experiments. However, an increasing number of modelling studies are exploring
these relationships further, and introducing important predictive capabilities.

3.1. Evidence from Wind Tunnel, Windbreak and Field Studies

Wind tunnel studies have proved useful for studying the relationship between vegetation
and wind-blown sediment transport under controlled conditions. Experiments have been
conducted using dead vegetation [125], live vegetation [60,78], or artificial vegetation [79,95,126,127].
Suter-Burri et al. [60] used coloured sand to visualize spatial patterns of sediment redistribution within
grass tussocks, allowing them to relate different canopy densities to their theoretical flow regimes
(Figure 6). Wedge-shaped wake deposits developed fully in the low-density case (representing
isolated roughness flow), overlapped with adjacent downstream tussocks in the medium-density case

135



Land 2017, 6, 64

(wake-interference flow), and deposited grains were evenly distributed around the tussocks in the
high-density case (skimming flow). Suter-Burri et al. [60] observed that the fraction of the surface that
was exposed to erosion was substantially smaller (44–78%) than the area not covered by vegetation,
owing to the turbulent wake structures around the tussocks.

Figure 6. Image sequences of sediment deposition patterns in Suter-Burri et al.’s [60] wind tunnel
experiments, on surfaces populated by low-density (top row) and medium-density (bottom row)
canopies. White sand was blowing in from upstream, with wind direction from left to right (adapted
from [60] (p. 69)).

Wind tunnel studies have also shown that vegetation can act to increase erosion in some
circumstances. The experiments of Burri et al. [78] demonstrated that whilst sediment and dust flux
was significantly reduced on high canopy-density surfaces compared to an unplanted configuration,
low-density canopies (~3% cover) led to elevated shear stress on the bed resulting from flow
acceleration, and thus higher sediment and dust fluxes. This region of elevated surface shear stress in
the wake could result from counter-rotating vortices created by the roughness element [59], or from
oscillating movements of grass blades on the sand surface [78]. In a ‘regional’ scale study (i.e., between
neighbouring land units), Youssef et al. [79] used artificial 1:50 sized shrubs, laid out in different
configurations in a wind tunnel, to measure the spatial distribution of sediment height after wind
events. They found that shrubs bunched into patches resulted in far greater sediment fluxes than in the
case of regular grids of single shrubs, likely because of a significant increase in turbulence between the
patches. However, the length scales of saltation in wind tunnels has been shown to differ from those of
natural saltation [128–130], so findings from wind tunnel studies should be treated with some caution.

Windbreak experiments (e.g., [87,88,131]) also provide some insights about the impact of
vegetation on sediment transport. When oncoming particle-laden airflow approaches a windbreak,
particles are filtered from the flow passing through the windbreak and deposited on the element,
whereas in the air flowing over the obstacle, particle concentrations remain similar to upwind
values [88]. Raupach and Lu [87] showed that wind speed reduction in the lee of a windbreak
leads to lower particle concentrations, and that with increasing downwind distance, particles from the
air flowing over the windbreak are progressively mixed downwards into the sheltered region. Using a
high-speed camera system, Zhang et al. [131] observed that sand transport rates were reduced by 37%
directly in front of a fence due to momentum loss of particles colliding with the fence surface, and
by 80% up to the downstream location of 3 h. Similarly, the kinetic energy of saltating particles was
reduced by more than 60% in the windward region, and up to 90% at 3 h.
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In the field, decoupling the influences of plants on sediment transport from those induced
by variations in the wind or surface conditions is very difficult at the plant or patch scale [74,79].
Several field studies have nonetheless attempted to demonstrate a gradient of surface activity in
response to varying vegetation cover. There is evidence that vegetation cover of 12–15% provides
a threshold for sand transport [55,132–134], but the use of percentage cover is limiting because it
provides no information about the spatially heterogeneous impact of vegetation on erosion thresholds.
It also does not account for the fact that erosion can still occur at relatively high (up to 45%) vegetation
cover if the wind velocity is high enough or the vegetation height is small [47,73]. A more nuanced
consideration of the impacts of vegetation on the balance between erosivity and erodibility factors is
therefore needed.

3.2. Modelling Sediment Transport on Vegetated Surfaces

Wind erosion models form a key part of our understanding of sediment transport dynamics on
partly vegetated surfaces, and are crucial for assessing the potential vulnerability of dryland regions
to soil degradation [11,27,33,135]. The mobility potential of vegetated dunes over long timescales
has been successfully modelled using wind-based indices that combine precipitation, temperature
and wind data [8,9]. Whilst this approach is useful for simulating large dunefield dynamics, it does
not resolve sediment transport dynamics at the same scale as plant-flow interactions. A variety of
finer-scale models are examined here, from earlier theoretical models based on shear stress partitioning
theory [116,118,121], to more recent approaches emphasising vegetation gaps [28,58] and numerical
models simulating patch-scale sediment movement [52,136].

3.2.1. Drag Partition Schemes

Early methods for modelling the impact of roughness elements on sediment mass flux focused
on the establishment of empirical relations between fractional ground cover and sediment transport
rates [47,137–139]. During the 1990s, more attention was given to the development of drag partitioning
techniques that could establish the wind momentum flux at the soil surface in the presence of roughness
elements. The schemes of Raupach [57,121] and Marticorena and Bergametti [118] were widely adopted
on the basis of their good agreement with wind tunnel experiments using solid objects on non-complex
surfaces (e.g., [51,71,140–143]). However, the drag partition schemes have also been found to be limited
in application in several respects.

By relying on the roughness density (λ) and aerodynamic roughness (z0) parameters, both the
Raupach [57,121] and Marticorena and Bergametti [118] schemes suffer from the inherent requirement
for a given surface to be treated homogenously. The schemes seek to establish the mean (or maximum)
shear stress ratio in the absence of information about the heterogeneity of roughness on the land
surface [87]. The spatial distribution of vegetation has been shown to affect horizontal sediment flux,
even at low roughness densities [28,51,119,144–146]. The roughness distribution effects on aeolian
sediment transport are also nuanced, in that the sediment mass flux may not always be significantly
affected as long as vegetation is not overly clumped together [147]. The so-called ‘Telephone Pole
Problem’ (Figure 7), where two roughness scenarios have the same roughness density but different
spatial distributions, illustrates the limitations of using average vegetation density information to
describe transport dynamics [58].
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Figure 7. The Telephone Pole Problem. Both of these surfaces have the same roughness density,
but on the left roughness density is partitioned into sixteen elements, whereas on the right, it is
partitioned into four objects four times the height. Under the shear stress partitioning model of
Raupach et al. [121], both surfaces experience the same horizontal flux, although intuitively this is not
an accurate representation of physical reality (from [58] (p. 3)).

Other disadvantages of the λ parameter include scaling issues, whereby tall (>0.10 m) elements
appear to influence sand transport in a way that cannot be accounted for based solely on knowledge
of roughness density [141,142]. This deficiency is minimised in large homogeneous areas of randomly
or regularly spaced vegetation of the same height, but becomes problematic in natural environments
displaying structural anisotropy [27,58]. The λ parameter has also been shown to inadequately
describe three-dimensional objects, due an intrinsic bias in using the frontal silhouette area [90,96].
Chappell and Webb [148] provided an in-depth analysis of the limitations of the drag partition scheme
with respect to Raupach’s [57] assumptions about how the sheltering afforded by roughness elements
can be approximated by the λ parameter (denoted Lc in their text). Critically, interactions between
sheltered areas are not captured by the drag partition scheme, but have demonstrably significant
effects on sediment transport [148]. These interactions are also not captured by estimating the drag
partition from approximations of z0 [118].

Both λ and z0 are difficult parameters to measure reliably in the field, especially at large scales
and/or in the presence of large roughness elements (e.g., shrubs and trees). Rapid and repeatable
methods have not been established to measure λ in the field, while the spatial variability and height of
roughness elements often confounds measurements of z0, which in response can have large spatial
(including directional) and temporal variability [149,150].

Raupach and Lu [87] identified representation of the sub-grid scale heterogeneity in momentum
transfer within the atmospheric boundary layer as a major challenge for reducing uncertainty in
wind erosion and dust emission models. That challenge remains today, and despite considerable
research into the parameterisation of drag partition schemes and their modification to account for
the non-uniformity in surface shear stress in the presence of vegetation [52,74]. Brown et al. [119]
demonstrated that roughness configuration may have a small effect on the average drag partition
when basic descriptive statistics (e.g., mean, standard deviation) are used to represent variability in
surface shear stress measurements, but parameters of the Raupach et al. [121] drag partition scheme
are sensitive to roughness configuration. Webb et al. [146] used Brown et al.’s [119] data to further
examine the effects of roughness configuration and the performance of the Raupach et al. [121] and
Marticorena and Bergametti [118] drag partition schemes for estimating sediment mass flux. Both drag
partition schemes were found to have difficulty in accurately, and realistically, representing sediment
mass flux responses to changing free stream velocity (Uf ), λ and z0. This is due to uncertainties
and potential inconsistencies in the parameter values and a lack of sensitivity of the schemes to
roughness configuration when applied with invariant parameter values [146]. Drag partition schemes
that explicitly represent the effects of roughness configuration on the distribution of surface shear
stress are needed to improve the accuracy of wind erosion models [151].

3.2.2. Okin (2008) Model

An alternative wind erosion model presented by Okin [58] recognises the inherent irregularity
of vegetation patterning in drylands, and emphasises the controlling influence that the spatial
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configuration of vegetation has on the distribution of surface shear stress. By moving away from
homogenous mean values to describe the roughness density and drag partition, Okin’s [58] approach
resolves the heterogeneous wind shear velocity between roughness elements and over the soil surface.
This notion is supported by field observations that flux is not ubiquitous across an entire landscape
during a transport event [51]. Okin’s [58] method implies that surface roughness moderates the wind
erosivity, rather than the threshold shear velocity for soil entrainment.

The Okin model assumes that plants are porous objects [49,90], meaning that reverse flow in
the lee of plants can be negligible and the surface shear velocities in the wake of plants can be
greater than zero. Asymptotic recovery of shear stress has been observed downwind of porous fences
(e.g., [98]) and nebkha vegetation [54,63], so the model is formulated probabilistically to simulate
the distribution of surface shear stress as a function of the distance to the nearest upwind plant.
The aerodynamic roughness length (z0) is used to represent the soil roughness and establish u∗

between roughness elements.
Okin’s [58] model shows good agreement with aeolian sand flux data at the plant/patch scale

(e.g., [28,152]). It simulates transport around solid objects well when the model-calculated shear stress
ratio is compared with the experimental data of King et al. [71], which is noteworthy considering that
the model omits return flow. A notable advantage of Okin’s [58] scheme is its scale explicitness, which
allows individual unvegetated gaps as well as entire landscapes to be simulated. The model can also
be used to evaluate directional effects of wind flow on sediment transport for a given area.

Since the Okin model uses relatively simple spatial inputs, as opposed to the structural parameters
of roughness elements needed for traditional shear stress partitioning models, data can be collected
easily in the field using standardized measurement methods (e.g., [135,153]), and at the landscape
scale using high resolution (<5 m) remote sensing techniques (e.g., [152,154,155]). As remote sensing
approaches to estimating the precise spatial configuration of surface roughness are yet to be established
at moderate spatial resolutions (e.g., 30–500 m), alternative data and models are needed to represent
the heterogeneous effects of vegetation on aeolian sediment transport at regional to global scales.

3.2.3. Remote Sensing Approaches

Remote sensing data have been used to represent the spatial and temporal variability in vegetation
within drag partition schemes, increasing wind erosion and dust model sensitivities to land cover
dynamics (e.g., [156,157]). Normalised Difference Vegetation Index (NDVI) and Leaf Area Index (LAI)
data are most commonly used to estimate the vegetation cover fraction and λ as input to drag partition
schemes, and to estimate z0 for the land surface [150]. However, while these approaches appear to
improve modelled temporal responses of sediment transport, the data also introduce uncertainties
that may compound those associated with selected drag partition parameter values [158]. As neither
NDVI nor LAI adequately represent the effects of vegetation phenological changes on vegetation
structure, which is central to the partitioning of wind momentum over the land surface [150], alternative
approaches have been sought to obtain estimates of land surface aerodynamic properties at broad
spatial scales.

Some attempts have been made to derive areal estimates of z0 for desert surfaces, which can
be implemented across several scales. Greeley et al. [159,160] established relations between z0

obtained from wind velocity profile data and radar backscatter cross sections. Marticorena et al. [161]
evaluated the application of a bidirectional reflectance model to estimate roughness properties, while
Marticorena et al. [162] found a relation between radar backscatter coefficients in the C band and z0

that suggested potential for remote sensing the roughness length at broad scales.
However, obtaining areal estimates of z0 is not sufficient on its own to determine the drag

partition and wind momentum transfer to exposed soil surfaces in vegetated landscapes. To address
this need, Chappell and Webb [148] developed an approach to estimating the drag partition and
surface shear stress for heterogeneous surfaces from shadow, which can be obtained globally at
moderate spatial resolutions (e.g., 500 m) from albedo data. The approach built on Marshall’s [117]
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wind tunnel study that underpinned Raupach’s [57] drag partition theory, and simulations exploring
the relation between surface illumination, shadow and z0 conducted by Chappell and Heritage [163]
and Chappell et al. [164]. Figure 8 shows an example of the relations established by Chappell and
Webb [148] between normalised albedo (ωns) and scaled wind shear stress (u∗/Uf ). Albedo (shadow)
measurements scale linearly, can be collected in the field (e.g., using a net radiometer) or with airborne
and satellite sensors, and are sensitive to vegetation spatial distribution. Therefore, the approach has
potential to resolve the outstanding issue of representing sub-grid scale variability in the drag partition
for aeolian sediment transport and land surface models [87].

Figure 8. Chappell and Webb’s [148] relation between normalised albedo (ωns, i.e., proportion of
shadow) and the wind shear stress scaled by the velocity at a free stream height (u∗/Uf ). Chappell and
Webb [148] illuminated each of Marshall’s [117] surfaces across a range of zenith angles to approximate
the direct beam directional hemispherical albedo (or black sky albedo ω; viewed at nadir), then
normalised ω by the reflectance of the surface, illuminated and viewed at nadir (ω0), to remove any
spectral influences, and used the inverse to reveal the shadow ω = (1 − ω)/ω0, and then rescaled
(ωns). The relation enables estimates of wind shear velocity at the soil surface to be produced from
Moderate Resolution Imaging Spectroradiometer (MODIS) data globally, at a 500 m spatial resolution.

3.2.4. Computational Fluid Dynamics (CFD) Modelling

Computational fluid dynamics (CFD) modelling has been used to explicitly resolve turbulent
wind flow and sediment flux around individual roughness elements to a high temporal and spatial
resolution (e.g., [52,63,136,165]). CFD allows a more complete representation of flow structure than that
obtained by field and wind tunnel experiments, so represents a promising approach for incorporating
wind flow turbulence in vegetated contexts. Using CFD simulations, Turpin et al. [136] identified a
peak in shear stress in the low-shear zone behind individual elements and showed that the “inversion
point” at which an element switched from reducing shear stress to increasing it varied with coverage
density and roughness height. Turpin et al. [136] could also test the effect of increasing the number
and height of roughness elements on erosion patterns. Hesp and Smyth [63] used a CFD model to
investigate the impact of nebkha width on wind flow recovery in the lee. By accurately quantifying
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turbulent wind structures around each simulated nebkha, Hesp and Smyth [63] could begin to link
flow behaviour with resultant shadow dune formation.

Despite the high resolution and realistic flow structure representation that can be achieved
using CFD, it is a computationally expensive method. To get around this issue, flow properties
can be calculated using much coarser meshes, through large eddy simulations (LES) [52,165–167].
Dupont et al. [52] coupled a LES model with a physically based saltation model to resolve turbulent
wind flow over heterogeneous vegetated landscapes composed of trees and shrubs. The erosion
patterns simulated by Dupont et al.’s [52] model were qualitatively consistent with previous wind
tunnel [59,78] and field [46,140] observations. Minimal dune models (e.g., [168,169]), which combine
analytical descriptions of turbulent wind velocity with continuum saltation models, have also been
used to successfully simulate transitions between barchan and parabolic dunes [169,170].

Nevertheless, the computational requirements of CFD and LES methods still limit their use for
simulating long-term erosion at larger than the field scale. Such modelling approaches are also highly
dependent on a large number of parameterisations and coefficients to describe, in high resolution, the
physical processes they seek to simulate [171]. Given the significant uncertainties that exist in our
understanding of the interactions between vegetation, wind flow and sediment transport, hard-coding
the appropriate physics into CFD and LES models remains an ongoing challenge.

3.2.5. Cellular Automaton (CA) Modelling

Cellular automata (CA) are a class of numerical models consisting of regular, discrete grids
of cells operated on by predefined rules, which capture full landscape-scale dynamics using only
fundamental processes. The CA approach has been particularly productive in the context of dune-field
patterning (e.g., [21–23,172]), and the spatial nature of CAs lends itself well to analysing ecogeomorphic
systems [173]. The strength of CA models lies in their capacity to represent key processes underlying
complex systems, using a far smaller number of parameters and assumptions than many detailed
reductionist models [171].

In most CA models, local neighbourhood operations produce dynamic responses from basic
rules centred on each grid cell. All cells hold a variety of attributes (in the drylands context, these
could include sand surface height and vegetation characteristics such as plant type, height and
porosity) that are altered by applying transition rules during each timestep. As model time progresses,
the vegetation distribution can alter local wind flow characteristics, thus impacting sediment flux
patterns over the surface. The grid formulation on which CAs are based allows wind velocity to
effectively be ‘mapped onto’ the model domain as a function of vegetation height and porosity, fitting
Okin’s [58] conception of vegetated desert surfaces as a collection of gaps between roughness elements.
The relative computational efficiency of CAs means that simulations can be run over larger domains
(scale of ~104 m) and long timescales, which is particularly useful for landscape evolution modelling.

The CA approach not only allows sediment transport and wind flow behaviour to be modelled in
isolation, but also enables explicit simulations of feedbacks between major components of dryland
ecogeomorphic systems. For instance, surface changes resulting from wind erosion can be linked
to subsequent vegetation growth/dieback within a coupled CA framework (e.g., [2,25,26,33,174]).
This approach is rooted in the concept of ‘landscape connectivity’ [175,176], which considers dryland
landscapes as a series of conduits for processes (e.g., fire, wind and water propagation) that link
vegetation growth, aeolian processes and external forcing factors through various biotic and abiotic
feedbacks [41,177,178].

The Discrete ECogeomorphic Aeolian Landscape model (DECAL) [2,25,174], later extended by
Yan and Baas [179], provides an approach for simulating the dynamics of vegetation-dependent
dunes such as parabolic dunes and nebkhas, by incorporating feedbacks between sedimentation
balance and vegetation growth. DECAL introduces a length scale to resultant landforms that remains
otherwise dimensionless in bare-sand CAs. Mayaud et al. [26] built on this approach by developing
the coupled Vegetation and Sediment TrAnsport model (ViSTA). ViSTA allows plant-plant interactions
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to be specified and for realistic vegetation patterning to emerge in the domain, without the need for
directly imposing factors such as seasonality in plant growth. By including a variety of ecogeomorphic
feedbacks linking plant growth, wind dynamics and sediment transport, Mayaud et al. [26] successfully
simulated the development of an equilibrium nebkha dunefield in the Skeleton Coast, Namibia
(Figure 9).

Figure 9. Three-dimensional representations of combined vegetation and surface morphology for a
coupled Vegetation and Sediment TrAnsport model (ViSTA) simulation, with conditions similar to those
observed in the Skeleton Coast National Park, Namibia. Figures show landscape at: (a) beginning of
simulation, where the domain is artificially populated with shrubs; (b) after 25 years of arid conditions,
where an equilibrium landscape of nebkha dunes emerges. Black arrow shows average wind direction
(adapted from [26] (p. 22)).

4. Potential Future Avenues for Research

In general, there remains a need to collect more windflow data around a variety of dryland plant
types in the field. Despite increasing evidence showing that two-dimensional wind fences do not
approximate well to three-dimensional live plants, only a handful of studies have examined airflow
dynamics in the wake of single rows of three-dimensional plants (e.g., [62]). These could display
different behaviours to traditional wind fences, especially with regards to flow turbulence. Linked to
this issue, the impact of roughness element width on wind flow recovery remains under-studied,
perhaps because it intuitively does not have as great an impact on drag as element height or porosity.
Recent numerical modelling of nebkhas [63] has revealed that nebkha width strongly controls wind
flow recovery, so wind tunnel and field studies investigating element width would help to better
parameterise wind flow in vegetated contexts.

Whilst it is clearly beneficial to conduct wind flow studies in field situations to account for natural
processes and variability, it is not possible to control for vegetation parameters (height, width, porosity,
pliability) and flow parameters (velocity, turbulence, intermittency) to the same degree as in wind
tunnels. Wind tunnel experiments have proved valuable for understanding the impacts of a wide
variety of parameters on flow behaviour, and should be extended to address some of the knowledge
gaps highlighted here. More wind tunnel studies are needed that systematically investigate the effects
of porosity and/or pliability of three-dimensional, live plants on wind flow. Porosity and pliability are
relatively difficult to control for in live plants when attempting to keep height and width parameters
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constant. Some wind tunnel studies have begun to investigate porosity variability in high detail using
porous mesh cubes and cylinders (e.g., [86]), although these remain crude approximations to live
plants. Other studies have begun to account for plant pliability, for instance through measuring the
temporally-averaged frontal area of flexible plants in wind tunnels (e.g., [100]).

Remote sensing data are proving increasingly useful for representing spatial and temporal
variability in vegetation within modelling schemes [157]. Plant characteristics (e.g., height, width and
porosity) can now be quantified rapidly and over relatively large scales thanks to the recent progress
in image-based techniques (e.g., [155]) and high-resolution remote sensing [152,154,180]. However,
ongoing challenges remain for identifying appropriate metrics of surface roughness distribution
that could be used as inputs to schemes such as Okin’s [58] over large (i.e., regional) areas, and for
overcoming limitations of indices such as NDVI and LAI for representing vegetation (see Section 3.2.3).
Direct approximation of the drag partition and surface shear stress from remote sensing is likely to
alleviate these challenges, while reducing the uncertainty in wind erosion estimates [148].

Additionally, low-elevation surveys using aerial drones (unmanned aerial vehicles, UAVs) allow
for vast vegetation transect measurements to be collected quickly and relatively inexpensively [181].
In turn, ‘structure-from-motion’ (SfM) photogrammetry can easily convert drone images of an element
or landscape into a georeferenced digital elevation model (DEM) [182–184]. This technique can produce
centimetre-scale horizontal and vertical precision that is comparable with airborne LiDAR [185] and
terrestrial laser scanning [184], allowing landscape change before and after geomorphic events to be
accurately quantified. However, issues arise with regards to the reliance of SfM’s image-matching
algorithms on image texture, which may result in low-texture images (e.g., bare sand surfaces) yielding
poor point clouds [185].

Finally, an explicit link must be made between the impact of vegetation on wind flow, and the
subsequent impact on sediment transport processes. Some wind tunnel studies (e.g., [60,78]) have
used creative methods, such as coloured sand, for tracking erosion and deposition around roughness
elements, but detailed exploration of flow field behaviour and the evolution of bedforms around plants
is still required. For instance, high-resolution terrestrial laser scanning could be used to detect mm-scale
changes in height around partially vegetated erodible surfaces [186], thus helping to identify erosional
and depositional regions to a high level of accuracy. In terms of modelling vegetation/sediment
interactions, Raupach and Lu [87] identify problems of scaling over heterogeneous surfaces, and raise
questions over how sediment deposition processes in the presence of vegetation could be adequately
measured. Whilst these issues remain pertinent, drag partition schemes that explicitly resolve the
effects of roughness configuration on surface shear stress distribution could significantly reduce the
uncertainty in sediment deposition schemes.

5. Conclusions

The effects of patchy vegetation on wind flow and sediment transport in drylands are multiple
and varied. They depend on the vegetation type in question, as well as turbulence, porosity and
pliability factors. The use of high-frequency anemometers in both field and wind tunnel contexts, as
well as creative methodological approaches such as the use coloured sand, have helped to identify key
aerodynamic zones of interest. Increasingly, sophisticated modelling techniques such as computational
fluid dynamics (CFD) and cellular automaton (CA) modelling are being used to gain more holistic
perspectives on the processes shaping partially vegetated surfaces. However, such models are often
computationally expensive to run, and still suffer from an ongoing lack of adequate data describing
flow dynamics at the plant/patch scale.

Moving forward, more empirically-derived flow and transport data collected in vegetated
contexts must be used to parameterize, verify and validate wind flow/sediment transport models.
Remote sensing methods are proving to be increasingly convenient, and in some cases relatively
inexpensive, ways of rapidly measuring vegetation, wind flow and sediment characteristics over vast
areas and at multiple scales. Remote sensing also offers opportunities to reduce the complexity, and
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increase the accuracy, of aeolian sediment transport modelling. Without these crucial data forming
the basis for rigorous model parameterisation, significant uncertainty will remain surrounding the
potential future responses of dryland landscapes to climate and land use change.
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Abstract: This paper examines the differences in agricultural water application per crop ton output in
semi-arid jurisdictions in the Jordan Basin, focusing on Israel and Jordan, with some analysis relevant
to Palestine. In order to understand differences in water application, it delivers a nationally averaged
assessment of applied water application for 14 key regional crops, with most cases suggesting Israeli
best practice in water application per unit crop. The paper draws on a secondary assessment of
agricultural water intensity and primary data from farmer interviews to demonstrate differences in
applied water productivity and agricultural context. The analysis suggests a conservative estimate
that a difference of 168 Million Cubic Meters (MCM)/yr (33% of agriculture and 18% of national total)
exists in terms of water application for a given crop production in Jordan when compared with Israel.
The paper then proposes further work required to establish how differences in water application
might translate into differences in agricultural water productivity, and thereby potential water savings
that might enable growth of production within current agricultural allocations, allowing new future
resources to be allocated to other economic and social needs. The paper also delivers a preliminary
analysis of the political and institutional landscape for implementation, assessing the challenges of
institutional silos and overlap that some policy stakeholders see as hindering cross-sectoral progress.
The paper concludes by examining the limitations of the analysis, and it proposes future work to
deepen the robustness of results and examines some of the challenges facing improved agricultural
water productivity and changing farm behaviour in the region.

Keywords: Jordan River Basin; water productivity; Jordan; Israel; Palestine; agriculture; agricultural
water intensity; decoupling; water security; institutional change

1. Introduction

Jordan, Israel, and Palestine are three of the most water-scarce jurisdictions in the world. All three
have seen significant growth in recent decades in both population and economic activity, despite their
limited water resources. These trends have been achieved through multiple mechanisms to circumvent
their water limits, with the effect of ‘decoupling’ growth from national water needs (Gilmont, 2014) [1].
Israel in particular has demonstrated that four mechanisms, comprising diversification, food imports,
agricultural water productivity, and non-natural water supplies (desalination and wastewater reuse),
have enabled it to experience significant economic, population, and agricultural growth, while recently
starting to redress decline in the environmental condition of freshwater resources. This paper focuses
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on agricultural water productivity as a mechanism for decoupling, and seeks to take a first step in
understanding the potential savings that could be achieved in the region if agricultural best practice
is targeted. For most examined crops, it is suggested that savings might accrue to Jordan if it moved
towards Israeli levels of agricultural water productivity, although two key instances are highlighted for
further research where the opposite might be true. This paper takes a first step towards understanding
differences in water productivity, by looking at water application and yield. It deploys both a national
secondary data assessment of agricultural water application, and farm-level primary interviews to
understand farm-level detail on water application and yield on both sides of the Jordan River, including
insights into the differences in the socio-economic context of agriculture. An initial assessment of
the volumetric differences in water application between Israel and Jordan is made. The paper then
briefly examines similarities and differences within basin jurisdictions in an agricultural context, before
focusing on the institutional and political landscape of how improved water productivity might be
deployed in Jordan, highlighting a number of policy barriers and some stakeholder-proposed solutions.
The final section of the paper evaluates the methodology, and proposes future research to deepen both
the understanding and robustness around the potential for enhanced agricultural decoupling through
the assessment of differences in water consumption and the likely issues of return flows, as well as to
contribute to the institutional challenges highlighted.

Context and Need

Israel is regarded as having one of the most water productive agricultural sectors in the world,
owing to both water and crop technologies, cropping patterns, and crop choice (World Bank 2006) [2].
As a result of its limited available freshwater resources and growing population, over time, water has
been allocated away from agriculture to other sectors, especially domestic uses (Teschner and Negev,
2013) [3]. This reallocation has occurred both steadily over time, and more dramatically during drought
years, where agriculture has been cut faster and more severely than other sectors. Despite receiving
less water following a peak in agricultural allocation in 1985, and with an increasing proportion
of allocation comprised of treated wastewater, agricultural output tonnage has increased steadily
(Figure 1).

 

Figure 1. Agricultural production and relative water use in Israel, 1961–2013.

Jordan has not undertaken the same level of technical and managerial investment and innovation
as its neighbour, but has seen considerable growth in agricultural outputs since the early 1990s, despite
static or reduced water availability for agriculture (Figure 2). Despite these gains, Jordan’s agricultural
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sector is regarded as having significant inefficiencies in water productivity (EcoPeace, 2013) [4].
Nationally, however, because of significant rain-fed production—especially of olives—agricultural
production per unit water applied across the entire output appears to be higher in Jordan than in
Israel. Based on 2016 Food and Agricultural Organization (FAO) food balance [5] and national water
statistics, Jordan’s total agricultural applied water productivity (agricultural water allocation per
FAO recorded production tonne) was 194 m3/t, while Israel’s was 267 m3/t. This data, however,
excludes considerable illegal abstraction of agriculture water in Jordan, as well as conflating rain-fed
and irrigated production. As the empirical work below will demonstrate, the aggregate numbers mask
considerable differences in water application and yield for certain crops.

 

Figure 2. Agricultural production and relative water use in Jordan, 1985–2013.

Since 2012, Jordan has experienced additional pressure on its water resources due to its hosting
of refugees from Syria. This has exacerbated its already extreme water scarcity, with available total
supplies (across all sectors) dropping from 270 m3/cap/yr in 1988 to 106 m3/cap/yr in 2015 (based on
Ministry of Water data and official population statistics). The increase in people within the territory
required that the Ministry of Water and Irrigation rework their 2008–2022 water master plan ‘Water
for Life’ (Ministry of Water and Irrigation (MWI) 2008) [6]. The resulting 2016–2025 plan (MWI,
2016) [7] accounts for increased demand due to Syrian refugees, and new supplies coming online
from groundwater sources and the planned ‘Red Sea Dead Sea’ Conveyance. The proposed scheme,
currently under tendering as of 2018, involves the production of desalinated water from the Red Sea,
with brine discharged into the Dead Sea, helping to slow the decline in water level of the Dead Sea.
The fresh desalinated water will be supplied directly to Jordan, and will form part of a water swap
with Israel, and also through Israel to the Palestinians using natural water supplies from the Sea of
Galilee (Lake Tiberias) and desalinated resources from the Mediterranean Sea (World Bank 2014) [8].
Increased domestic water use in Jordan, combined with new infrastructure capacity, will increase
the availability of treated wastewater in agriculture (Seder and Abdel-Jabbar, 2011) [9], enabling
reallocation of freshwater to the domestic and industrial sectors.

Despite these planned additional resources, there is still a significant deficit between anticipated
demand by 2025 (Yorke, 2016) [10]. Figure 3 uses historic data from 1986 to 2015, combined with the
authors’ extrapolation of demand from present usage levels to meet with MWI’s forecast demand by
2025, plotted with MWI’s annual projection of available water. The MWI provides data for available
supply and anticipated demand, but does not project where the shortfall will impact, or how new
supplies will be distributed across sectors. As a result, there is no attempt by the 2025 plan authors
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to forecast how newly available water will be allocated across demands under conditions of supply
deficit. In the absence of further data, our analysis here assumes a linear growth in demand from actual
current to theoretical future demands. A significant deficit between available water and cross-sectoral
demand exists in 2025, based on current resource projections. Given the gap between future supply
and projected demand, this paper considers how a reduction in agricultural water demand, based
on moving towards regional best practice in agricultural water productivity, could enable enhanced
agricultural water decoupling, and thereby ameliorate Jordan’s future water resource deficit.

 

Figure 3. Projection of Jordan’s water needs, based on Ministry of Water and Irrigation (MWI) 2016
demand and supply data in Million Cubic Meters (MCM)/yr. Adapted from Gilmont et al. (2017) [11].

This paper takes a first step towards establishing a potential reduction in agricultural water
requirements in Jordan (or enabling growth within current water resource allocations), by examining
differences in water application per unit crop output across the Jordan Basin. The analysis is focused
on 14 crops that together comprise over 90% of production tonnage and water application in both Israel
and Jordan, and 86% of Jordan’s accounted water application as of 2010. Where data is available, the
analysis also includes an assessment of agricultural water productivity within Palestine (considered in
this paper as Palestinian-controlled/operated farms within the West Bank and Gaza Strip).

Two methods of assessments were pursued: The first to obtain an approximate aggregate national
picture of relative water application per unit crop output; and the second to compare trends at the
farm level. The two methods were also intended to verify the directions in differences of national level
trends, and to provide an initial assessment of uncertainty in any trends being identified.

2. Methodology

The first methodology involved a comparison of agricultural yield per unit water application
based on national average numbers, as assessed on a national level using aggregated country-specific
yield data. Much work on crop water fluxes has been carried out to date at a regional scale, using large
gridded, physically-based models (e.g., Hoff et al. 2010 [12]). It is recognised that this methodology
ignores variations in crop water requirements in different regions of the countries, predominantly
because of variations in topography, rainfall depth, soil conditions, and humidity. The methodology
is adopted, however, as there is no long-term breakdown of annual production at the sub-national
scale, and consequently no reliable means to weight national production by different hydro-climatic
conditions. The first stage of the analysis involved deriving agricultural water productivity numbers
from secondary sources and combining them with annual national tonnages.
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For Israel, extension service data was assembled for 52 crops for all regions where the crops were
grown, and yield per cubic meter of applied water was calculated for each region, using the most
up-to-date value available from 2000 to 2015 (Ministry of Agriculture, 2016 [13]). The regional values
were then averaged (using the arithmetic mean). As a result of the lack of regional crop distribution,
no weighting could be applied to this calculation to capture regional bias in crop growth location.
The average water intensity was then multiplied by reported national annual production data from
the Israeli Central Bureau of Statistics (personal communication). Crops not accounted for in the
calculations included ornamental flowers (water data unavailable) and feed crops (not irrigated). See
Appendix A for water intensity calculations for most crop types.

For Jordan, agricultural water intensity was derived through a similar method, but using total
water application and area data from International Resources Group (IRG) and Karablieh (2012) (Tables
23, 25, 27, and 29) [14], whose data is based on an analysis of cropping carried out in 2010, combined
with official production tonnages. Fifty-five crops were available from this study in categories appropriate
for reported national crop tonnages (See Appendix A for water intensity calculations). Olives, however,
are produced under both irrigated and rain-fed conditions, and calculations on crop per unit water
required isolating the irrigated production only. The IRG and Karablieh (2012) publication included its
own assessment of rain-fed versus irrigated production proportions for 2010, and this proportional split
was used to attribute an annual production proportion to irrigation. As with Israel, a national average
water application and yield number was calculated, which, for Jordan, involved combining environmental
diverse agricultural environments spanning the Jordan Valley and highlands. Again, this was necessary
as annual tonnage reports do not attribute production to the different regions. No sector-wide secondary
data on crop yield and water application was identified for Palestine.

In order to validate the national crop level numbers and provide an effective comparison between
Israel and Jordan, especially given the impact of national averaging of the water numbers, the water
application numbers were combined with historic agricultural tonnage. The results are shown
in Figures 4 and 5. Figure 4, for Israel, shows significant under-estimation of agricultural water
application, when derived from crop water needs multiplied by annual tonnage, by over 40%. A slight
increase in efficiency is seen based on the simulations, with simulated agricultural water use growing
faster than reported agricultural water use (gradient y = 6.83x vs. y = 3.4x).

 

Figure 4. Plot of water data (Central Bureau of Statistics Agricultural Allocation) and simulated
agricultural water (crop tonnage x water per ton) for the period 2000–2015 for Israel.
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Figure 5. Plot of water data (Ministry of Water and Irrigation) and simulated agricultural water (crop
tonnage x water per ton) for the period 1985–2014 for Jordan.

For Jordan, there is a strong efficiency gradient in the simulated value, indicated by a lower
simulated water application historically (with static benchmarking, smaller historic yields would result
in simulation of lower historic water use, whereas in reality, the historic water application would be
higher for a given yield). Importantly, for the benchmark year of 2010 of the agricultural water data,
there is a tendency towards convergence. For the year 2010, the simulation over-estimates agricultural
water application by 72 MCM. This value is close to the 110 MCM of illegal groundwater abstraction
that has been eliminated (Obeidat, 2016) [15]. Therefore, simulation over-estimation for the benchmark
year should be expected given that reported tonnage includes all production, regardless of legality of
water source.

The accountable discrepancy between simulated and official data in Jordan means that the average
water application numbers are accepted for the purposes of this study. For Israel, there is a clear
and unexplainable under-estimation of agricultural water application, which will in part be because
of national averaging used in the methodology. Making allowances for crops not accounted for,
(including cut flowers) and for water allocated to livestock and non-irrigated agricultural purposes, the
agricultural water application numbers for Israel were inflated by 42% to ensure a highly conservative
comparison between Israeli and Jordanian water application. This percentage was determined through
a three-year moving-window average comparison between the simulated and official agricultural
data. Across the entire 16-year time series, the discrepancy was 48% between the simulated and
official agricultural allocation. However, focusing on the final five years of data (i.e., allowing for
slight efficiency gradient), this moving average discrepancy was 42%. The simulated figures were
thus inflated by 42%, resulting in the smallest sum of differences between simulated and official
agricultural water over the 2009–2013 period. From the national simulations in Israel and Jordan, the
basket of 14 crops (Table 1) was selected as the focus of deeper water analysis, and the identification of
comparative trends across the region.

157



Land 2018, 7, 63

T
a

b
le

1
.

C
om

pa
ra

ti
ve

w
at

er
pr

od
uc

ti
vi

ty
an

d
po

te
nt

ia
ld

iff
er

en
ce

s
in

w
at

er
ap

pl
ic

at
io

n
ac

ro
ss

14
C

ro
ps

.A
da

pt
ed

fr
om

G
ilm

on
te

ta
l.

(2
01

7)
[1

1]
.

Jo
rd

a
n

W
a

te
r

A
p

p
li

ca
ti

o
n

M
C

M
(2

0
1

0
)

Jo
rd

a
n

A
v

e
ra

g
e

T
o

n
n

a
g

e
‘0

0
0

s
(2

0
0

9
–

2
0

1
4

)

Jo
rd

a
n

W
a

te
r/

C
ro

p
T

o
n

Jo
rd

a
n

A
v

e
ra

g
e

W
a

te
r

A
p

p
li

ca
ti

o
n

2
0

0
9

–
2

0
1

4
M

C
M

/Y
e

a
r

Is
ra

e
l

W
a

te
r/

C
ro

p
T

o
n

@
1

4
2

%
In

fl
a

ti
o

n

%
o

f
P

re
se

n
t

S
ce

n
a

ri
o

W
a

te
r

A
p

p
li

ca
ti

o
n

u
n

d
e

r
N

e
w

S
ce

n
a

ri
o

(M
C

M
)

D
if

fe
re

n
ce

in
W

a
te

r
A

p
p

li
ca

ti
o

n
/Y

e
a

r
fo

r
Jo

rd
a

n
ia

n
P

ro
d

u
ct

io
n

T
o

n
n

a
g

e
s

C
lo

ve
r

84
.0

19
0.

1
37

6
71

.4
1

R
ai

n-
fe

d
0%

0
71

.4
O

liv
es

16
7.

1
11

0.
5

1,
62

7
17

9.
75

12
78

79
%

14
1.

2
38

.6
To

m
at

oe
s

74
.1

75
3.

6
10

0
75

.7
3

75
75

%
56

.3
19

.4
Ba

na
na

26
.6

42
.4

60
9

25
.8

1
44

9
74

%
19

.0
6.

8
A

pp
le

s
15

.0
36

.1
52

2
18

.8
2

18
7

36
%

6.
7

12
.1

D
at

es
24

.6
10

.7
2,

18
7

23
.4

4
18

79
86

%
20

.1
3.

3
W

at
er

m
el

on
14

.8
11

7.
6

96
11

.3
3

81
84

%
9.

5
1.

8
G

ra
pe

s
14

.6
34

.7
49

1
17

.0
2

42
6

87
%

14
.8

2.
3

W
he

at
3.

5
21

.6
16

0
3.

46
57

35
%

1.
2

2.
2

O
ni

on
,d

ry
4.

2
27

.0
26

5
7.

14
18

5
70

%
5.

0
2.

2
C

it
ru

s
35

.1
10

8.
7

29
3

31
.8

9
22

7
77

%
24

.7
7.

2
Eg

gp
la

nt
11

.7
10

6.
6

11
1

11
.8

7
99

89
%

10
.6

1.
3

Po
ta

to
25

.2
15

9.
8

14
4

23
.0

0
18

9
13

2%
30

.3
-

C
uc

um
be

r
7.

1
19

1.
4

41
7.

75
68

16
8%

13
.0

-
To

ta
l

50
7.

5
19

10
.7

50
8.

4
35

2.
5

1
6

8
.4

158



Land 2018, 7, 63

A second assessment methodology aimed to verify the trends indicated by the methodology
above. This involved gathering primary data from farm-level structured interviews carried out in the
three study jurisdictions during late 2016. Farmer-based, semi-structured interviews have recently
been used successfully by O’Keefe et al. (2016) [16] to understand farmer irrigation practices. Our
interviews were carried out in summer 2016, comprising 19 respondents in Jordan, focusing on the
North and Central Jordan Valley, along with farms near Amman; 12 farm interviews in Israel, focusing
on the centre and north; and 27 in Palestine (comprising 22 interviews in the West Bank and 5 in the
Gaza Strip). This farm-level analysis was compared with secondary data to confirm whether or not the
trends seen in the secondary analysis were correct, as well as to identify variations in performance
between individual farms. The farm interview questions elicited information of crop areas, yield
per dunam (1 dunam = 1000 m2, or 0.1 ha), and water application per dunam per year or growing
season (then converted to annual numbers). Information on farm gate crop prices were also elicited,
along with sources farmers used for agricultural production, irrigation methods used, and the role of
agriculture in the farmers’ economic lives.

A further series of semi-structured interviews with eight policy stakeholders and research scholars
in Jordan was carried out in August 2017, reflecting on the initial empirical findings and exploring
the institutional settings and opportunities for change along the lines identified through the study.
This forms a final element of research on institutional barriers and opportunities for improved water
productivity. All interviews were approved by the ethical committee of the School of Anthropology
and Museum Ethnography Research Ethics Committee, University of Oxford, under references
SAME_C1A_16_050 (for 2016 farmer interviews) and SAME_C1A_17_029 (for 2017 policy interviews),
and carried out under the procedures laid out by the researchers and approved by the committee.

3. Results

This section reviews the results from the secondary and primary data, demonstrating the
differences in water application per ton of production between Israel and Jordan. The farm-level
primary analysis also illustrates the uncertainty associated with the direction of trends.

3.1. Secondary Agriultural Water Data Analysis

Table 1 shows the results of the secondary analysis for the 14 crops. For the 508 MCM (average
2009–2013) accounted for by the 14 crops selected in Jordan, agricultural water application may be reduced
by up to 168 MCM/yr if Israeli trends in water application and crop yield were targeted. Key instances of
lower water application appear in tomatoes, apples, clover, and olives. Potatoes and cucumber production
in Jordan appear to be more water productive than in Israel, although in the case of potatoes, this is likely
entirely due to the adjustment of the Israeli agricultural water figures discussed above.

Clover production is not irrigated in Israel as this is not considered an economically effective
use of water. Feed crops are thus only grown in areas with sufficient rainfall, and a large majority of
national needs are imported (Gilmont, 2014) [1]. Meanwhile, the data for Jordan suggests that the
country devotes around 71 MCM/yr to irrigate clover for animal feed. One of the farmers interviewed
indicated that much livestock feed irrigation is carried out by livestock farmers themselves to avoid
purchasing feedstocks on the open market. While interview data suggests that some of this irrigation
is carried out with treated wastewater, even this resource has an opportunity cost associated with
it, especially in its potential use on tree crops. Review of assessments of agricultural land in Jordan
suggests that sufficient rain-fed area theoretically exist nationally to support more rain-fed agriculture,
including feed crops. Boller et al. (2005) [17] observed that Trifolium Clypeatum is grown near the Dead
Sea in Israel in areas of less than 300 mm/yr rainfall. Al-Jaloudy (2006) [18] notes that 5.9% of Jordan’s
land area receives 200–300 mm of rainfall, the ‘marginal zone’ just above the threshold for aridity.
Meanwhile, the total cultivated area in Jordan (combined rain-fed and irrigated lands) comprises only
3% of the national area [18]. This discrepancy suggests that further research is necessary into potential
suitable rain-fed areas that could support feedstock, although it is likely that these areas would not
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be proximate to livestock farmers. Reducing or eliminating clover irrigation through either rain-fed
production or assistance through enhanced import substitution would likely require structural support
to assist farmers with purchasing feedstocks, and to ensure that supply and affordability does not
place undue strain on livelihoods. Changes in currently irrigated feedcrops would, however, appear
to be an important avenue to consider in enhanced agricultural water decoupling in Jordan. Savings
of 71 MCM from such changes to rain-fed feedstock production would require significant regulatory
power if these resources are to be mobilised outside the agriculture sector, as farmers would likely
seek to grow other crops with their water and land resources. However, even this recapture of ‘saved’
water would assist decoupling in providing opportunities for support for the cultivation of crops that
might enhance national food security or income in the agricultural sector.

3.2. Primary Interview Agricultural Water Data Analysis

The primary data collection included data on farm-level information on water application and
yield. As per the secondary data, these were averaged across the sample, not to assemble a national
average, but rather to identify a general direction of comparison between crops’ water productivity in
Israel and Jordan, as well as provide insights into behaviour in Palestine.

The results are shown in Table 2, while Figures 6 and 7 show the ranges (average, maxima, and
minima) for yield and water application per hectare across the farm-level sample for the 14 crops
investigated. Table 2 also includes extension service data for Israel for the same regions as the farm-level
data, enabling comparison between farm-level results with recommended best practices.

 

Figure 6. Crop yield per unit area comparison between Israeli, Jordanian, and Palestinian farmers by
crop. Adapted from Gilmont et al. 2017 [11]. ISR—Israeli; JOR—Jordanian; PAL—Palestinian.

 

Figure 7. Water application per area comparison between Israeli, Jordanian, and Palestinian farmers by
crop. Adapted from Gilmont et al. 2017 [11].
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The water application values derived from farm interviews are generally lower than those
suggested by the national average data. For Israel, this is likely in part because of the artificial
adjustment of the numbers used in the calculation as discussed above. However, in the case of dates,
potatoes, and grapes, farmer reported data is well below the uncorrected, non-averaged extension
service data for the specific region in which interviews were carried out. The general direction of the
evidence, however, suggests that Israeli farmers have lower application per unit yield when compared
with neighbouring farmers. For Jordan, the farm-level results indicate that there has likely been some
improvements in either water application and/or yield since the 2010 fieldwork of IRG and Karablieh
(2012) [14]. Particular region disparity is noted for onions and bananas, which appear to have twice
the water application in Jordan than in Israeli, for similar reported yield. It is possible that this result
is skewed by only having one farm sample for each of these crops in Jordan, as a result of limited
resources available for this study to date.

For tomatoes, banana, apples, wheat, onion, and citrus, Israel demonstrates, as with the secondary
data, lower water applications than Jordan. For other crops, farm-level evidence suggests that Jordan
may exhibit lower water application than Israel, especially in the case of olives and dates, where
water application in Jordan is much lower. Follow-up questioning with farmers indicated that, while
the fieldwork had isolated producers of irrigated crops, farmers were actually practicing rain-fed
cultivation with supplementary irrigation. Yield data for dates is similar for Israel and Jordan (Figure 6),
but water application is much lower in Jordan (Figure 7). In follow-up discussions with the Israeli
agricultural extension service, it was confirmed that supplemental irrigation of rain-fed date and
olive production in the North Jordan valley was possible, but according to their experience, was not
profitable. Different species may play a role here, especially in the case of olives, where Jordanian
experts suggested that much Israeli production was derived from more water-intensive species. Clover
could not be tested at the farm level, as we were unable to access clover-producing farmers; the
agricultural extension service, however, confirmed this as a rain-fed crop in Israel.

Analysis of Palestinian water productivity results finds significant potential for lower water
application in olives, citrus, and cucumbers, when compared with Israel. For cucumbers, the farmer
interview data suggests that water application is very high when compared with both Israel and
Jordan. For citrus, while water application is high, reported yield is also higher than its neighbours,
possibly because of limited land availability in the Gaza strip. By contrast, reported olive yield is
low, while water application per hectare is comparable to the lowest water values reported for Israel,
equating to a much higher water/crop ton. Other Palestinian crops appear to be far more water
productive than their Israeli neighbours, although some results seem unusually low, especially for
bananas, watermelons, and onions. The result for the banana crop does raise questions pertaining
to the reliability of the data, as the single Palestinian banana farm surveyed was in an area receiving
around 230 mm/yr rainfall, well below the depth required for rain-fed banana cultivation. The farmer
also noted a significant decline in banana plantations in recent years due to the water requirements
of the crop. It is suggested that it is likely that the reported yield and water data for bananas are not
accurate. The results for olives, also when combined with supplemental irrigation practices, are also of
questionable reliability.

While the interview results show some conflicting results with the secondary data, and are cause
for concern over the reliability of the Palestinian data, there are some important implications to be
drawn from the results. Importantly, for six crops, the direction of differences in water application
are the same in both primary and second data between Israel and Jordan, thus there would appear to
be relative confidence as to the secondary national trends. This represents 65 MCM/yr of secondary
data reduced water application that appear reliable (out of the 97 MCM/yr non-clover related reduced
application). Therefore, it is suggested that differences in water application due to non-clover related
irrigated crops between Israel and Jordan may be between 65 and 97 MCM/yr, when scaled to
Jordanian production tonnages, pending further in-depth research (discussed below).
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3.3. Primary Interview Data Analysis of Socio-Economic Farm Context

This analysis draws on the interview data to understand some of the contextual differences in
which farmers in the three jurisdictions operate, and the possible impact this may have on water
productivity. The interviews included short-answer questions on farm size, education, income sources,
perceptions on the future of farming, irrigation technology, and agricultural information.

Israeli farmers generally operate larger farm areas than Palestinian or Jordanian farmers (Figure 8).
This potential provides an economy of scale in both operation and investment at the farm.

 

Figure 8. Indication of farm sizes across the three sets of samples (Israel, Jordan, and Palestine). Note
that P19 reports a cooperative of multiple farms producing olives and olive oil. Gaps indicate no
data given.

Nearly all Israeli farmers interviewed are dependent on agricultural activity for a majority of
their income. For most Palestinian farmers, agricultural activities represent their main source of
income. For Jordan, around 50% of the farmers interviewed had significant other incomes, including
pensions from previous employment and property investments/trade. The presence of alternative
income in the Jordanian case can be considered as potentially reducing the importance of increased
agricultural returns, especially in the case of ‘hobby farms’ (Al-Rimawi, 2012) [19]. On the other
hand, it is possible that alternative higher value income streams might enable larger investments
than would be possible through agricultural returns alone. Investment decisions might also relate
to the perceived sustainability of the agricultural industry, which is questioned by reliance on other
sources of employment. While nearly all Israeli farmers believed that the next generation would
enter farming (though possibly following earlier careers elsewhere), over half the Palestinian and
Jordanian farmers surveyed perceived a lack of interest by the next generation, compounded by a
lack of governmental promotion of agriculture. For Palestinian farmers, concerns over future water
availability, yield reliability, land access, imported products, climate change, and limited donor support
for the sector also contributed to the pessimistic outlook.

Farmer-reported adoption of irrigation technology did not produce notable differences between
the three jurisdictions, with a mix of drip and sprinkler irrigation reported in nearly all cases. However,
field evidence in Jordan suggests that some Jordanian ‘drip’ irrigation is, in the case of fruit trees,
actually basin trickle irrigation, without the close application of water directly to the soil used by Israeli
farmers. A difference in ground cover was also noted for citrus, with Israeli groves being mulched,
while some Jordanian citrus groves were observed as having grass or scrub cover, likely consuming
additional irrigation or rainfall moisture. For banana crops, the use of netting to change local canopy
humidity is near-universal in Israel, but is only occasionally adopted in Jordan. Palestinian farmers
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raised an important observation about irrigation timing, highlighting that intermittent supply to many
Palestinian users meant that farmers had to apply water to crops when it was available, rather than
when the crops could optimally use it or needed it.

The role and use of government-sponsored agricultural extension support was also found to vary.
Israeli farmers are well-supported by, and strong users of, the Ministry of Agriculture Extension service,
which possesses field and research branches in each of the key agro-climatic regions. Palestinian
farmers are also well served by the 300 extension service field staff, and farmers engaged with their
advice. The Jordanian extension service, by contrast, suffers from lack of capacity, with a mere 54 field
staff for the entire country. This limits the available advice and opportunities for engagement, and
the depth of region/crop specific timely advice that can be provided. In the opinion of some farmers,
certain extension agents lacked proactivity and indeed, some newly graduated extension officers
lacked experience vis-a-vis the farmers they advise. Five farmers in the Jordanian sample reported
actively avoiding advice from the extension service due to past poor experience.

The above analysis indicates that there are notable, although uncertain, differences in agricultural
water productivity between Israeli, Palestinian, and Jordanian farmers, as well as socio-economic
context. For Jordan, the potential difference in water productivity has the ability to make an important
contribution to its future national water security. To this end, the next section discussed a further
round of interviews that examined the potential and barriers to improve water productivity uptake
in Jordan.

3.4. Interview-Based Analysis of Institutional and Policy Barriers and Opportunities to Improved
Water Productivity

A further stage of this research involved discussing findings with policy practitioners and
high-level stakeholders to elicit attitudes towards water productivity as a key instrument in Jordan’s
water future. Such research was not carried out in Palestine as initial data deficits obstructed a
meaningful discussion to this end. Jordanian interviewees comprised individuals from within the
water and agricultural bureaucracy, together with other academic and professional experts, and eight
interviews were carried out during August 2017. The interviews covered a range of issues relating to
future water challenges in Jordan, and the potential for new efforts in agricultural productivity to play
a role in future resource management. The discussions also examined the institutional foundations of
water and agricultural management with regard to improved water productivity.

Key water challenges that were highlighted included climate change and its potential role in
reducing both rainfall and available water supply, as well as in increasing water demand by crops
due to higher temperatures and CO2 concentrations (noted by two interviewees). Domestic water
allocations were also anticipated to increase in the coming years, as a result of both population growth
and a stated government intention to increase per capita supply and supply reliability (noted by
two interviewees). Three interviewees observed that the challenges are compounded by the Syrian
refugee crisis and the increased pressure it has create in host communities. The refugee pressures
especially have generated urgency to increase water supply capacity. Five interviewees highlighted
that the resultant impetus to increase the use of treated wastewater in agriculture will also require
improvements in wastewater quality to enable wider use of the resource without, as one interviewee
stressed, a build-up of salt in the soil.

The interviews revealed a significant tension in perceptions over the role of improving agricultural
water productivity as a contributing mechanism to assist in adjusting future water allocations. Three
interviewees supported the potential of improved water productivity, and one provided an example
of high-tech hydroponics near Mafraq in Northern Jordan, where the production of (predominantly
export) tomatoes might rank as the most water productive in the region. This case demonstrates
what can be achieved with high levels of investment and a guaranteed market, as well as the internal
best practice learning that might occur across Jordan. Jordan’s agricultural risk fund, while no
longer providing explicit support for water-related investments, provides insurance for crops grown
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in appropriate regions, thereby encouraging improved sectoral resilience to environmental shocks.
This indirect incentive to adhere to agricultural zoning should result in more appropriate use of water
and greater returns per unit application. Furthermore, a Jordanian agricultural and water researcher
observed that, with finite water available for agriculture, increased output in the future will necessitate
improved productivity of water within agriculture. He noted further, however, that this needed to
be part of a holistic cross-sectoral strategy, and would take 10–15 years to achieve, giving time and
support for farmers to adapt.

Against the observed potential, a number of obstacles were raised. In particular, that poor
agricultural performance is largely a result of ingrained behaviour by farmers. Indeed, an official
within the water bureaucracy noted that force of habit and resistance to change is a key contributor
to low water productivity. A forceful argument put forward by a Jordan Valley agricultural water
representative highlights that current agricultural allocations to the Valley were around 60% of those
mandated by policy. It would, therefore, be politically unacceptable to cut allocations further and force
reduced water application in the Jordan Valley without impeding crop production. Therefore, it is
argued that current performance indicates that tremendous efficiency is being achieved. By contrast,
the Jordan highlands might have much greater improvements in productivity potential. This argument
in the Jordan Valley, however, counters the empirical evidence presented above, that when compared
with the environmentally similar context of Israel, it is possible to reduce water application per unit
crop output. The argument also runs counter to the arguments by professionals discussed above, that
improved productivity will have to feature in the future.

Existing regulatory arrangements and operational procedures were highlighted as a further
obstacle to knowledge-led innovation. Water management and crop-choice decisions are embedded
in complex webs of competing institutional commitments and customary expectations, echoing the
findings of Lach et al. (2005) [20] and Rayner et al. (2005) [21]. Incorporating new knowledge is
far from straightforward. Even existing rules and regulations may be hard to enforce in the face
of entrenched agricultural practices. The case of bananas was cited as a particular example. Partly
because of their water intensity, bananas are not zoned to be grown anywhere in Jordan. However,
a senior official within the Jordanian hydrocracy argued that it is impossible, even undesirable, to
completely stop their production because of the need to supply local markets and to maintain plant
diversity within the Jordan Valley. The overall picture of water productivity and the policies that
guide it presents a significant tension between those who argue that improved productivity is possible,
and those who say Jordanian agriculture is already performing beyond its expected capabilities in
water productivity.

The tension between attitudes towards potential to reduce agricultural water application and
improved water productivity nests within a wider political challenge of structures laying out the rules
and operations of water and agriculture in Jordan. This can be expressed as the institutional (rules)
and organisational (actors) structures (as posited by the North, 1994 [22]) determining how resources
are allocated. Raising tariffs for agricultural water might be a potential mechanism to incentivise
investment and behavioural change at the farm level, however such a move would be politically
challenging both to the organisational structure and its personnel, because of the social resistance that
would be encountered. Socio-economic implications of change are also a barrier, with one interviewee
highlighting that 10% of Jordan’s prison population are indebted farmers. There is a strong aversion to
increasing these impacts as a cost of changes in agriculture and practices. To overcome these barriers,
representatives of the agricultural bureaucracy argued for solutions that are socially practical, in order
to overcome resistance and enforce existing regulation.

A further barrier to improving on-farm water behaviour relates to coordination and
responsibilities between relevant ministries and agencies. Five interviewees highlighted the need
for improved coordination (a de-siloing) between water and agricultural policy, echoing findings
by Al-Zu’bi (2016) [23] regarding climate change governance. In particular, it was noted that the
Jordanian Ministry of Water and Irrigation’s responsibilities for water end at the ‘farm gate’; on-farm
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usage, regulation, and improvement of water productivity falls under the remit of the Ministry of
Agriculture. Attention was drawn to an imbalance in attention between the water and agricultural
sectors concerning water productivity, with much more attention in the former than in the latter.
Coordination was seen to be further hindered by rivalries in policies and spheres of influence between
the ministries of water and agriculture, with overlapping rules and regulations, and gaps in regulatory
responsibilities. These findings echo previous work on Jordan’s institutional water environment
(Denny et al. 2008 [24], Yorke 2013 [25]), but offer a strong stakeholder-identified insight into the
challenges for improved water and agricultural policy moving forward.

An example provided of the effects of siloed policy concerned case of new date trees, which have
been encouraged by the Jordanian Ministry of Agriculture, and for which current water is available.
Less consideration, however, had been given to the water requirements of the plantings as they
matured over the next decade, implying a lack of sinuosity between water and agricultural policies.

Institutional challenges are compounded by deficits in operational and knowledge capacity.
For the Jordan Valley, for instance, a more detailed understanding of specific agricultural and soil
conditions for each farm might assist in delivering improved water productivity. However, this
requires extension service and research investment. According to the extension service, while staff
have deep in agricultural and environmental knowledge, the service suffers from a high turnover of
staff, exacerbated by competition in salaries from the growing hi-tech agricultural sectors in the Gulf
region. Dissemination of new knowledge and techniques is hindered by limited extension service
budgets. The generation of that knowledge itself is hindered by donor dependence, bringing with it
research that often matches donor or funder interests, rather than on-the-ground and policy needs. At
the same time, as one agricultural scientist noted, there is failure on the part of science to speak the
language of policy and to communicate ideas in a way that promotes policy salience. This perspective
was shared by a representative of the Jordanian Ministry of Water and Irrigation who observed the
need for greater engagement and understanding of conditions on the ground. Another suggested that
Jordan had sufficient ideas and technical capacity, but lacked a deeper understanding, awareness, and
action on how to achieve the required coordinated change at the organisational and institutional levels.

The perceived weaknesses of current institutional and organisational structure led to independent
suggestions for change from four interviewees across the water and agricultural policy communities
and water and agriculture research communities. First, that agricultural policies needed to be
integrated into national economic planning with work on climate change and water. Second, that a
high-level commission be formed with high-level representatives from the water, agriculture, trade,
and labour sectors to plan a strategic cross-sectoral pathway, and to address institutional overlaps.
Third, a related independent suggestion was a cabinet decision on a government package to determine
the future balance of agricultural production and markets, and food imports and exports. Finally,
an advisory committee with membership and/or input from policy and legal experts, as well as
from applied practitioners and leading academics, drawing on global best practice cases of successful
knowledge pooling.

Despite the challenges facing Jordan’s water future, there is some professional evidence that
changes in water application might be an avenue to improve the country’s water situation through
enhanced water resource decoupling in agriculture. Institutionally structural impediments must be
overcome, with a clear demand for improved policy coordination. In addition to the immediate
institutional challenges, there is also a longer-term need to consider water and agriculture’s role within
the broader political and social economy of Jordan.

4. Discussion and Conclusions

This paper has explored the potential for enhanced water productivity in Jordan and Palestine,
based on regional best practice in water productivity from, in most cases, neighbouring Israel. Overall,
the research found notable differences in water application per unit crop production in Israel and
Jordan for at least six key crops. Scaled to Jordanian production tonnages, this difference amounts
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to 168 MCM/yr. 71 MCM (42%) of this is dependent on changing behaviour towards rain-fed clover
cultivation, which, if socio-economic and regulatory conditions allowed it, could enable this volume of
water to be devoted to higher value crops or even allocated to other economic opportunities outside
agriculture. The remaining potential of reduced water application, based on the two methodologies
used, is between 65 and 97 MCM/yr, (58% of reduction, or 13–20% of current agricultural water
allocations). There is also evidence that Israel can learn from successful and profitable supplemental
irrigation practices in Jordanian dates and olives. Trends for Palestine are less clear, with notable
unreliability in the collected data, hindered by agricultural heterogeneity and geopolitical context. As
discussed below, significant further work is needed to understand exactly if and how reduced water
application can be translated into real savings that could be reallocated for either agricultural growth
and/or other economic uses.

The methodology has a number of significant limitations, and should only be regarded as a first
step in a deeper interrogation of regional agricultural trends. Key among these is the use of national
averaging of water application. This was necessitated by an inability to disaggregate national crop
production by sub-national areas. Only around half of the potential difference in water application was
verified by farm-level data, and further work, including a larger number of farm samples, is needed.
A larger farm sample size would capture the environmental diversity in the region and inter-annual
variations in perennial crop water requirements related to variations in annual rainfall.

A deeper challenge relates to the idea of water saving. As recent FAO work highlights, improving
water efficiency through reduced water application on farms does not necessarily result in water
savings on a larger scale (Perry and Steduto, 2017) [26]. This is often because of a failure to account
for return flows (direct runoff or infiltration), with the result that increased efficiency from the same
abstraction results in more evapotranspiration and less return flow (ibid). Perry and Steduto (2017)
suggest that disappointing environmental flow returns in Australia’s Murray Darling Basin can be
attributed to greater productive consumption of the same (or indeed less) actual abstraction, resulting
in drastically reduced return flows. A similar picture is presented by Ward and Pulido-Velazquez
(2008) in the Upper Rio Grande, in the Southern United States [27]. For Jordan, therefore, it is essential
to understand what is happening to the water at the farm level, which, when compared with Israel, is
apparently ‘excess’. The presence of significant return flows or unaccounted water on farms will almost
certainly result in increased water consumption if irrigation efficiency measures are implemented
without simultaneous improved regulation (namely enforced reduction) of abstraction. Questions on
runoff/return flows were included in farmer interviews, however no reports of any flows were made;
in contrast, farmers were keen to stress that given that water and/or pumping energy has to be paid
for, and given that allocations in the Jordan valley are below desired levels, every drop of water that
farmers applied was used productively in their perception, or for maintaining healthy soils through
salt flushing.

One potential future avenue of assessment in the area of water productivity and return flows
is to use satellite data to compare evaporation and evapotranspiration rates with farmer-declared
water application, plus local rainfall. This methodology has been used to uncover illegal water use in
Jordanian agriculture (Al-Bakri, et al., 2016) [28], but might also have the potential to identify whether
there are significant surface or sub-surface return flows, and indeed whether there are significant
differences in non-productive evaporation between Israeli and Jordanian farm plots. A deeper
interrogation of how the differences in water application relate to real differences in crop water
use (evapotranspiration per yield) will be a crucial next step to further understand differences in
agricultural water productivity and quantifying the real potential to produce savings at the system
level. Only if real savings are possible in Jordan, can improved agricultural water productivity be an
effective mechanism to enhance water resource decoupling.

If reduced water application can be translated into a real water saving, significant investment
would likely be required to achieve these savings. However, similar efforts in Israel from 1995 for
improvements in agricultural water productivity were economically assessed to provide the cheapest
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means of enhancing national water security (Arlosoroff, 1997 [29]). While infrastructure and regulation
in Jordan may increase costs, agricultural investments might also be expected to have additional
benefits to the rural economy and livelihoods. These multiple potential socio-economic gains beyond
the immediate issue of enhanced water security should also be considered in any investment and
policy decisions.

Politically, our research identified divergent views on the potential for changes in agricultural
water application in Jordan, with strong arguments presented both ways, especially regarding the
Jordan Valley. Policy progress, and thus the potential for improved coordination within and between
ministries, appears to be hampered by siloed operations. Achieving this coordination, and forging
future policy, however, is itself politically difficult. Our analysis of the policy conditions highlighted an
awareness of the need for greater understanding and commitment to overcoming institutional barriers
and coordination challenges. While some frustration was expressed that both research and donor work
in Jordan was serving academic or donor interests, a genuine need for input in understanding and
managing institutional challenges was apparent. Demand for applied research that meets stakeholder
needs in this political arena would appear to exist, and should be given urgent attention as a key
element for Jordan’s future water, agricultural, and economic sustainability. Investment and attention
in this area has clear salience to Jordan’s pursuit of the 2015 Sustainable Development Goals.
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Appendix A. Water Intensity Calculations and Data

Table A1. Water Numbers for Israel.

Crop Average Yield Average Recommended Water Application Average Water Intensity

Almonds 0.2 600.0 3750.0
Apricot 2.2 450.0 204.5

Avocado Etinger 2.3 1000.0 444.4
Avocado Has 1.6 1000.0 625.0

Avocado Average 1.9 1000.0 534.7
Bananas 5.7 1802.0 316.1

Beet 6.0 250.0 41.7
Cabbage and Brassicas 8.0 450.0 56.3

Carrot and turnips 7.5 550.0 73.3
Cauliflower 3.0 320.0 106.7

Celery 10,000 units (2t) 400.0 200.0
Chillies and Peppers 9.3 1246.0 133.4

Cotton fibres 0.2 470.0 2611.1
Cotton seeds 0.3 470.0 1615.1
Cucumbers 25.0 1200.0 48.0
Dates Barhi 1.7 1500.0 882.4
Dates Majul 0.9 1500.0 1764.7

Dates Average 12.6 835.0 1323.5
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Table A1. Cont.

Crop Average Yield Average Recommended Water Application Average Water Intensity

Other Vegetables 5.9 622.2 106.2
Dry onion 5.0 650.0 130.0
Eggplant 10.0 700.0 70.0

Figs Brazilan 1.5 850.0 566.7
Figs Hamadi 3.5 1700.0 485.7
Figs Average 7.5 675.0 526.2

Grapefruit white 8.0 800.0 100.0
Grapefruit red 7.0 900.0 128.6

Grapefruit average 7.5 850.0 114.3
Grapes for food 2.7 768.8 286.8
Grapes for wine 1.4 200.0 142.9

Ground nut 1.0 520.0 547.4
Lemons 5.0 750.0 150.0

Lettuce and chicory 8.0 180.0 22.5
Limes 3.0 750.0 250.0

Maize grains 1.8 550.0 305.6
Mangoes Maya 3.0 800.0 266.7

Mangoes Kit 4.5 900.0 200.0
Mango average 3.8 850.0 233.3

Melons 7.0 700.0 100.0
Nectarine middle 3.5 600.0 171.4

Nectarine late 4.3 700.0 164.7
Nectarine early 2.3 450.0 200.0

Nectarine average 3.3 583.3 178.7
Olives 1.3 1125.0 900.0

Other orchards 3.0 675.0 222.1
Other types of citrus 5.0 792.0 158.4

Pears kotsia 3.7 650.0 175.7
Pears kotsia valley 2.5 650.0 260.0

Pears average 3.1 650.0 217.8
Peaches middle 3.5 600.0 171.4
Peaches early 2.5 450.0 180.0
Peaches late 4.5 750.0 166.7

Peaches 3.5 600.0 172.7
Peas 0.6 125.0 227.3

Pecan 0.4 900.0 2571.4
Persimmon 5.0 900.0 180.0
Plums late 3.0 650.0 216.7

Plums early 2.0 450.0 225.0
Plums Average 2.5 550.0 220.8

Sorghum, grains 2.1 225.0 107.1
Strawberries 8.0 1100.0 137.5

Sweet potatoes 4.5 700.0 155.6
Tomato 19.0 1000.0 52.6
Oranges 5.0 800.0 160.0

Watermelon 7.0 400.0 57.1
Wheat for silage 1.0 40.0 40.0

Note: Derived from yield and recommended water application (Extension Service), as averaged from different
regions where appropriate. Italic water intensity is an average of sub-species water intensity, not calculated by
average yield and average application. Some water intensity numbers apply to multiple listed crop types (e.g.,
Other Citrus), so number of listed crops do not tally with crop numbers listed in text.

Table A2. Jordan Water Intensity Calculations.

Crop 2010 Yield (tonnes) Area (dunam) Water/Dunam (derived) Total Water (m3) Water/Crop (m3/t) (derived)

alfalfa 1 7 857.1 6000 12,000.0
almonds 2419 1260 870.6 1,097,000 453.5
apples 28,770 17,826 841.8 15,006,000 521.6

apricots 6796 8376 834.5 6,990,000 1028.5
bananas 43,753 18,527 1438.3 26,647,000 609.0
barley 10,659 12,623 258.2 3,259,000 305.8

beans broad 21,150 15,466 347.7 5,378,000 254.3
beans string 8218 5603 345.0 1,933,000 235.2
broom millet 14 11 545.5 6000 438.0

cabbage 20,317 6329 373.0 2,361,000 116.2
carrots 6770 1634 255.8 418,000 61.7

cauliflowers 54,734 18,025 395.1 7,121,000 130.1
chick peas 3935 1801 149.9 270,000 68.6

citrus 119,726 68,386 513.8 35,134,000 293.5
clover trifoil 223,591 65,771 1276.8 83,977,000 375.6
corn white 25,476 20,003 575.1 11,503,000 451.5
cow peas 650 456 339.9 155,000 238.5

cucumbers 176,179 20,047 356.0 7,137,000 40.5
date palms 11,241 17,079 1439.3 24,582,000 2186.9
eggplants 104,748 30,070 387.7 11,659,000 111.3
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Table A2. Cont.

Crop 2010 Yield (tonnes) Area (dunam) Water/Dunam (derived) Total Water (m3) Water/Crop (m3/t) (derived)

figs 953 1051 882.0 927,000 972.9
garlic 486 149 684.6 102,000 210.1
grapes 29,683 21,660 672.9 14,576,000 491.1
guavas 2270 2155 781.9 1,685,000 742.3

jew’s mallow 35,659 12,797 476.3 6,095,000 170.9
lentils 245 71 1436.6 102,000 416.0
lettuce 48,200 14,344 269.0 3,859,000 80.1
maize 29,006 14,963 728.4 10,899,000 375.7

marrows 69,655 11,620 244.9 2,846,000 40.9
melons 31,051 8112 846.9 6,870,000 221.2

okra 6814 7420 458.4 3,401,000 499.1
olives 171,672 249,729 527.8 1.32 × 108 2399.3

onions dry 15,765 8590 485.9 4,174,000 264.8
onions green 3512 836 793.1 663,000 188.8

other field crops 21 265 211.3 56,000 2654.0
other fruits 13,228 11,347 870.6 9,879,000 746.8

other vegetables 27,182 11,620 244.9 2,846,000 104.7
parsley 2543 980 259.2 254,000 99.9
peaches 23,153 15,982 841.0 13,441,000 580.5

pears 2141 3023 890.8 2,693,000 1258.1
peas 3512 1846 449.1 829,000 236.0

peppers hot 18,549 7823 452.1 3,537,000 190.7
peppers sweet 36,590 11,126 490.7 5,460,000 149.2
plums/prunes 2291 2863 836.5 2,395,000 1045.4
pomegranates 2146 2138 819.9 1,753,000 816.9

potatoes 174,931 57,969 434.2 25,173,000 143.9
radish 4161 1687 284.5 480,000 115.4
sesame 118 83 3831.3 318,000 2694.9

snake cucumber 20,987 3170 60.9 193,000 9.2
spinach 6368 2125 238.1 506,000 79.5

tomatoes 737,262 141,212 524.7 74,092,000 100.5
turnips 1516 390 276.9 108,000 71.2
vetch 540 78 6064.1 473,000 875.6

water melons 153,118 37,417 394.2 14,750,000 96.3
wheat 22,126 17,094 207.1 3,541,000 160.0

Note: Data in this table on area and water use are taken from International Resources Group (IRG) and Karablieh
(2012) and calculations of area and water applied to crop during the year 2010, as cited in text. Data on annual yield
taken from national statistical accounts for 2010. Calculations on water/dunam and water/crop are derived from
this data.
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Abstract: Policy-makers and practitioners often struggle or fail to define and quantify the economic
impacts that can be achieved through ecologically sustainable investments in dryland ecosystems.
This paper reviews the current state of the art in the characterization and valuation of environmental
benefits in drought-prone areas of Sub-Saharan Africa. Benefit streams from ecosystem services
associated with the production of food, energy and water are characterized, as well as those from
supporting and regulating hydrological systems. For each value type, valuation approaches and
examples of their application in Sub-Saharan African contexts are presented. The review is drawn
from a series of recent methodological discussions, working papers and field research reports
focusing on the benefits of locally determined and ecosystem-based adaptations under dryland
climate extremes. The focus is on the challenges faced by practitioners and researchers tasked with
developing benefit-cost assessments for investments in the adaptive management and conservation
of dryland ecosystems, particularly in marginalized dry and drought-prone areas of Sub-Saharan
Africa. Recommendations could also interest a wider global community of dryland researchers and
development practitioners.

Keywords: ecosystem services; economic valuation; drylands

1. Introduction

Policy-makers and practitioners often struggle or fail to define and quantify the impacts that
development projects can have on dryland ecosystems. There is a lack of baseline assessments of
benefit streams from dryland ecosystems against which to compare new management alternatives.
This is because economic evaluation of the returns on the existing investments in adaptive management
and conservation of the dryland ecosystems have been rare and limited. However, interest in the
challenges associated with such assessments is building in Sub-Saharan Africa and in many other parts
of the world [1–4].

In this paper, the current state of the art in the identification and valuation of selected key
environmental benefit streams in the drought-prone dryland regions of Sub-Saharan Africa is reviewed.
Insights on questions currently faced by researchers and practitioners developing benefit-cost
calculations and economic impact assessments are drawn from a series of recent working papers
and field research reports focusing on economic assessment of the benefits from ecosystem-based
adaptations in the dry areas of East and West Africa. These are contextualised within the broader
available published literature from across the region.

The selection and presentation of material responds to concerns expressed by practitioners tasked
with presenting economic assessments of the anticipated returns on investments in dryland restoration,
climate change adaptation, and disaster preparedness projects in the drylands of Sub-Saharan Africa.
The same practitioners are often also tasked to design monitoring and evaluation systems that could
verify these projections in the event that project proposals are funded.
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The intention of the paper is that it should provide a useful and accessible reference source for
project managers, practitioners and researchers developing benefit-cost assessments of small-scale
adaptation and resilience-building interventions for environmentally sustainable management in the
drylands, particularly in marginalized dry and drought-prone areas of Sub-Saharan Africa. This could
be of interest to a wider global community of dryland researchers and practitioners as well. The primary
question for the international scientific community is: what are the existing and potential benefits
from adaptive management of the dryland ecosystems? [5–7]. This is particularly important where
there are proposals to transform, replace or simply remove these under-recognized benefits through
development initiatives. Since such proposals will introduce changes and tradeoffs among different
benefit streams, there is an urgent need to identify and value the baseline values and potential for
adaptive management.

Following a brief conceptual overview of the assessment challenge in the dryland ecosystems in
Section 2, key ecosystem services are summarized. Methods used to generate this review are described
in Section 3. Section 4 then presents the techniques and methods that are available to practitioners for
the assessment and valuation of benefit streams that may be anticipated from adaptive management
and conservation of the dryland ecosystems. The section is structured around four key benefit streams
and includes case studies sourced from published assessments from Sub-Saharan Africa, both West
and East. In addition to describing techniques for valuing the benefit streams, practical examples
demonstrate how these can be connected to some of the many available approaches and scientific tools
for quantification of the benefit streams.

The discussion, recommendations and conclusion in Sections 5 and 6 underline the opportunity
and feasibility for practitioners to apply the available assessment methods. Synergies between the
benefit streams that may not be quantified, but will merit additional attention following the valuation
are also highlighted.

2. Overview of the Challenge to Assess the Benefit Streams and Management Options in
Dryland Systems

2.1. Adaptive Management in the Dryland Ecosystems

Resource-dependent populations living in dryland ecosystems use their accumulated knowledge
of environmental conditions and climatic patterns to adapt practices for managing shared or common
pool resources [8–11]. These practices and adaptations enable communities to sustain their land and
water resources for the long term while also drawing benefits from them in the short term. In cases
where well-informed practices ensure that dryland ecosystems can retain and enhance their own
endogenous production of goods and services, this reduces dependence on external cooperation and
aid in the forms of disaster relief and social assistance [12–14]. Recognizing, maximizing and restoring
ecosystem function, self-regulation and resilience can play an important role in ensuring that growth
can be self-sustaining both for the ecosystem and for the current members of society.

The international community considers investments that it could make to boost adaptive
resource management practices in relation to its current priorities and commitments for sustainable
land management (SLM) [15], enabling community-based adaptations to climate change and
variability [16], building resilience to drought by supporting adaptations that are considered to
be ecosystem-based [17–19] or nature-based [20] (see example of common community-scale practices
for adaptive management in Appendix A, Box A1). However, to establish the economic value of the
endogenous productivity of the drylands and the business case for how it could best be improved
requires baselines, data and models. These remain rudimentary and/or unavailable in many of the
dryland production systems of Sub-Saharan Africa and elsewhere.

The economics of adaptation and returns on adaptation investments have received significant
attention [1,3,21–27] (www.aboutvalues.net). But the economic value of returns on these investments
remains challenging for practitioners to quantify and monitor systematically—especially under erratic,
uncertain and drought-prone conditions that commonly occur in Sub-Saharan Africa [13,14,28–33].
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There has not previously been a review that focuses on bringing together assessment methods and
examples applied in both East and West Africa and presenting them in a way that could be convenient
for practitioners from these regions.

2.2. Identifying the Major Benefit Streams from the Dryland Ecosystems

Economically valuable public goods and services provided by ecosystems in the drylands
(as described in [34]) include water, energy and other essential provision services (Figure 1). These are
supported and regulated by other services that sustain the system and its functions.
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Figure 1. Goods and services in dryland ecosystems.

In dry and drought-prone environments, hydrology and climatic extremes can have a particularly
strong influence over the functioning of the ecosystems and their productivity. When human
populations are not able to manage these effects, natural hazards such as droughts can have disastrous
effects on ecosystem services that support the well-being of dependent populations. In light of this,
the analysis of benefit streams that is presented in this paper includes consideration of the economic
value both of the provisioning services and also the essential underlying supporting and regulating
services. This is a departure from the approach taken by many of the current available assessments
which have not assigned a value to the supporting and regulating services for fear of double-counting
the value of provisioning services (e.g., [35]).

Ecosystem accounting is an emerging field that aims to provide a consistent approach to analyzing
environment–economy interactions [36–38]. But for most of the dry areas of Sub-Saharan Africa, this is
still in its very early stages. Across Sub-Saharan Africa, assessing economic productivity is complicated
by the nature of dryland products and services requiring valuation and the presence of various
informal, undocumented economies. Often, national statistical systems fail to effectively record the
productivity of goods and services from dryland systems that are highly relevant to livelihoods and
the economy—including many of the products from extensive livestock raising, natural heat, energy
sources, underground water storage and other environmental services.

Rather than insisting on monetizing all benefits and adding them together, a well-recognized
alternative is to use a multi-criteria analysis. This weighs benefits expressed in diverse units that
are not directly comparable either instead of or alongside the economic valuation of tradeoffs and
can accommodate graduated values derived from subjective qualitative assessments, if necessary.
In Botswana, multi-criteria decision analysis has been explored as a means to capture the breadth of
benefits from communal grazing systems [39–41].

Economic valuation is helpful to weigh tradeoffs between some of the multiple effects caused
by different investments—whereby one effect may cancel out the benefit of another. For example,
a drip irrigation scheme may save water on a per hectare basis, as compared to a gravity-controlled
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system. But if the introduction of such systems causes a larger area to be irrigated—then the tradeoff
between volume and extent of irrigation may mean that the adaptation does not achieve any overall
water-saving at all. Economic assessment provides a means to place a comparable value on the
effects on water versus food production. Other tradeoffs can be harder to weigh up—especially in
multi-criteria analyses. For example, if a grazing system generates less income overall, but contributes
in small ways to the well-being of a greater number of low-income households, opinions may differ
concerning whether or not the tradeoff is worthwhile.

The scarcity or availability of goods and services is often driven by contextual processes operating
at scales that are larger than the intervention areas of development projects within which economic
assessments may be proposed. For example, pastures and wildlife habitats require landscape-level
assessments, and water scarcity will also be affected by basin level processes and demands. Timescales
for assessment of the value of benefits from investments in resource management also do not always
match well to project and assessment timeframes. Where benefits are anticipated to accrue in the
distant future, these anticipated benefits may be considered to have a net present value, but this
is usually discounted because benefits that may arrive in the future are generally considered less
attractive than benefits secured in the present [42].

2.3. Assigning Value

Research on the monetary valuation of natural resources dates back to the early 1960s but has
progressively received wider attention through growing discussion of the capital and service values
provided by nature and ecosystems [43]. An inherent challenge in any attempt to place an economic
value on public goods and services is that different people will make different judgements about what
to value, and how much it is worth. Local resource users’ views of what should be valued can differ
considerably from those of national or international agencies and partners. This is important because
an economic assessment of returns on investments should focus on returns to society as a whole (which
is different from a financial assessment of returns on investments to private individuals) [42].

Valuation methods for the benefit streams from dryland ecosystems can include market- and
non-market-based approaches [3,44–46]. Ten broad types of valuation methods have previously been
identified for the valuation of ecosystem services globally, but few of the cases identified were located
in Sub-Saharan Africa [46] (Table 1). The 10 methods include use of available market values for
ecosystem goods and services, or the costs that would need to paid to obtain them. Where there are no
markets to buy the ecosystem goods and services, willingness to pay for access to them may suggest
that such markets or payment systems could be created.

Table 1. Classification of ecosystem service valuation methods [46].

Type Name of Method Acronym

Market-based

Direct Market Pricing DMP

Payment for Ecosystem Services PES *

Factor Income/Production Function FI/PF

Cost-based

Avoided Cost AC

Mitigation and Restoration Cost MC/RC

Replacement Cost RC

Willingness to pay (WTP)

Revealed preference Hedonic Pricing HP

Travel Cost TC

Stated preference Contingent Valuation CV

Group Valuation GV

* A PES can be seen as an expressed WTP through the market.
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Provisioning services are most often valued through direct market pricing methods. However,
there are also other alternatives where market prices do not fully reflect their value (see direct use
values in [44]) (Figure 1). For habitat services, for example, methods such as factor income and
contingent valuation are often used as an alternative to direct market pricing if these are not considered
adequate [46]. Valuations of regulating services often use avoided cost and replacement cost methods
in addition to direct market prices, where available (see description of indirect use values in [44]).

3. Materials and Methods

To identify some of the key benefit streams in the dryland systems of Sub-Saharan Africa and
methods that can and have been applied to assess their economic value, this review draws on insights
and examples from a series of recent working papers and field research reports focusing on economic
assessment of the benefits from ecosystem-based adaptations in the dry areas of East and West
Africa [47–52]. A series of meetings were held with planners and NGO staff implementing, monitoring
and evaluating investments in shared resource management systems in a range of dry areas of Kenya,
Senegal and Mali, as described in the respective project reports.

Findings were shared and discussed with practitioners tasked with the challenge to present
economic assessments of the anticipated returns on proposed future investments in dryland restoration,
climate change adaptation and disaster preparedness projects in the drylands of sub-Saharan
Africa [53,54]. Practitioners highlighted the challenges to prepare a business case for such investments
and referred to available examples of project proposals that have previously been approved by
financing institutions including the Green Climate Fund (see: https://www.greenclimate.fund/what-
we-do/projects-programmes). Additional relevant assessment challenges were identified through
a broader overview of the nature of benefits that project managers and practitioners would wish to
capture in their assessments as compiled for the World Overview of Conservation Approaches and
Technologies (WOCAT) (see: https://www.wocat.net/en/).

Having identified the practical challenges, and methods available in context at selected locations
in Sub-Saharan Africa, further reviews of the available published literature across a wider geographical
area of the region’s drylands were made using keyword searches in SCOPUS online database.
The keyword searches were filtered to select materials referring directly to cases in Sub-Saharan
Africa. These could be used and further developed by practitioners and researchers who are working
or studying there.

4. Assessing and Valuing Benefit Streams

4.1. Livestock Production in the Drylands

The production of livestock is the most widespread and traditional economic activity in the more
arid regions of Sub-Saharan Africa [55,56]. Therefore, it is one of the most critical benefit streams
for the societies that live in these regions. In addition to cows, sheep, goats, camels, etc., livestock
production in the drylands may also include the keeping of poultry, rabbits, and bee-keeping for
honey [35,57]. Livestock production can include production of live animals for sale, meat, milk, dung,
skins and other products. Sometimes livestock also produce other services, such as draught power
from donkeys, horses and camels, pollination from bees—or others. Increasingly, wildlife services are
also attracting attention in the drylands of Sub-Saharan Africa.

Valuation of livestock and their services is usually dependent on market prices. Often, local or
national statistics will be available on some—but generally not all—aspects of livestock production in
the drylands of Sub-Saharan Africa (e.g., as in [58] for Senegal). Milk has a particular value in the diets
and cultural traditions of pastoral communities of both East and West Africa [59,60], and is a growth
industry [61–65]. Where livestock products such as milk are consumed for subsistence, statistics may
not be available, but the volumes of production can still often be estimated, based on knowledge of
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herd size and lactation patterns (as demonstrated in Mopti, Mali, by [52], in Niger by [66],and in Kenya
by [67,68]).

Resource economists use bioeconomic models to assess productivity in the rangeland ecosystems
and the potential impacts of altered water and fodder availability [69–73]. Such models have been
explored in drought-prone Sub-Saharan environments in the Senegalese Ferlo (see Box 1) [74],
Niger [66], Ethiopia [75,76] and Kenya [77]. They require information on the relationships between
herd size, lactation and reproduction rates, as well as animal nutrition and health (for further discussion
of these in the context of the arid lands of Kenya, see: [67,78]).

Grass grown for fodder is one of the best documented successful investments to increase and
maintain income and reduce vulnerable households’ expenditures in the most drought-prone regions
of Somalia, Ethiopia and Kenya [14]. Not only does improved forage availability directly affect the
availability of milk and improve nutrition levels in vulnerable households (as described above), but it
does so quickly—which can be important for project stakeholders. Because it grows rapidly, grass
can give a positive return within a short space of time, and can continue to provide an economically
valuable crop twice per year [79]. In light of this, it is attractive to households and agencies seeking to
secure immediate livelihood improvements under drought conditions. A recent study has identified
the economic value of animal feeding during droughts in terms of avoided emergency food relief
supplies to drought-affected households [80]. Furthermore, in pastoral and agro-pastoral areas where
most households keep livestock, fodder availability reduces animal malnutrition that can otherwise
cause the loss of these assets during droughts.

A recent global assessment [4] has identified an estimated return on investment in grassland
restoration of 35:1 over a twenty year period across the drylands and other climatological zones [81].
However, the bioeconomic models that are available to capture economic benefits from rangeland
livestock production are only as good as the underlying datasets and field observations that they use.
Where there is institutional support in place, they can be complemented by long-term field monitoring
and measurements, as has been done to study the effects of enclosures in Kenya [82]. These can be
verified using rapid participatory methods described above (e.g., [83,84]). Where support for these
methods is not available, economic assessments can be based on input values drawn from the best
available literature.

In extensive rangeland systems, physical inputs may be few, but institutional investments are
still needed to coordinate communal land and water management systems [85]. Often these necessary
investments and transaction costs are overlooked in assessments of the economics of pastoral livestock
production. Also, in extensive systems, during the dry seasons and the droughts, transhumant
livestock migrations occur. These are challenging to model effectively. The costs of livestock production
increase during these times due to water shortages and pressures on grazing resources, conflicts and
others. Climatic factors can aggravate increased risks of diseases and threaten the value of livestock
production. A theoretical model of the economic connection between communal grazing, disease
transmission risk, risk perceptions, and antimicrobial use has been developed and tested in Kenya [86].
The analysis supported by this model suggested that factors influencing subjective perception of
disease risk and antimicrobial uses included disease history, and types of grazing systems—with
greater levels of concern regarding disease prevalent in communal grazing systems, as compared to
private grazing areas.

With intensification of the commercialization of livestock production, production models become
more complex, and farmers no longer depend only on pastures to nourish their animals. Increasingly,
they manufacture or buy supplements and they also often pay for water, labor and medical attention
for their animals. Increasingly, livestock water productivity has gained attention in Sub-Saharan
Africa [87,88]. The global average water footprint for beef produced from grazing systems is 243 m3/ton
for grey water and 465 m3/ton for freshwater, whereas for industrial beef systems this average increases
to 712 and 683 respectively [89]. Livestock raised in the extensive grazing systems across much of
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Sub-Saharan Africa often consume less water than those raised in other grazing systems because in the
extensive systems they do not necessarily have access to water every day.

Some products from livestock, such as leather and wool, require significant amounts of processing
to add value before they can be marketed as textiles, garments and furnishings. This is mediated by
market access, and other conditions. A key methodological question for the valuation of rangeland
productivity concerns the addition of value through value chains, and the extent to which the economic
assessment is able to consider the dispersal of benefits and positive feedbacks along the value chain [90].
It has been argued that economic multipliers can be applied to represent the value of cash circulating
through the regional economies in the drought-prone regions of Kenya and Ethiopia [91,92].

Box 1. Case Study: Valuing rangeland production in the Senegalese Ferlo using a bioeconomic model
(based on Hein et al. [74]).

The anticipated effects of climate change in Senegal on the economic value of rangeland production were
assessed by Hein et al. [74]. The assessment used an ecological-economic modelling approach. This enabled
simulation of the effects of climatic changes and management responses via modifications of the stocking rates.
The model was based on local data collected over a 10-year period (1981–1990) at the Widou Thiengoly research
station in the western part of the Ferlo on vegetation production under different grazing densities and rainfall
conditions. The model is a dynamic systems model, running with time increments of 1 year. The model calculates
the annual income for the pastoralists as a function of annual rainfall and the long-term stocking rate maintained
by the pastoralists. The model is spatially homogeneous, and changes in livestock routes or other adaptation
strategies not involving changes in stocking densities are not considered.

For Senegalese pastoralists, the main source of income is the sale of animals for meat, with milk production
coming in second place. The role of milk production and agriculture has decreased in the last decades with the
increased focus on livestock herding for meat production. For reasons of simplicity, in the model it is assumed
that income is only derived from the sale of animals. Income depends upon the amount of surplus livestock that
can be sold annually on the market, as well as on the livestock price.

In years of drought, when there is not enough grass production to feed the livestock number corresponding
to the long-term stocking rate, it is assumed that the pastoralists maintain the amount of livestock that can be
fed, and that they sell the surplus on the market. However, the price will be low, as there will be a high supply,
and low demand on the local markets. If a dry year is followed by a wet year, the pastoralists will purchase
livestock in the market in order to stock up to the long-term stocking rate. If rainfall decreases, the optimal
stocking density is reduced, and so are the maximum profits the pastoralists can obtain. Pastoralists can adapt to
climate change by destocking, which would increase the societal profits gained per livestock unit as well as the
overall profits compared to the current grazing strategy.

As the pastoralists maintain an open-access individual profit maximization strategy, the optimal rate of
destocking is not expected to occur. But reductions in stocking rates are anticipated to result from predicted
climatic changes due to reduced availability of fodder. The model does not allow analysis of consequent
changes in the local labor markets (this would require a general circulation model). However, Hein et al. [74]
concluded that climatic changes leading to a reduction in livestock numbers would result in reduced employment
opportunities in the Ferlo and create further pressure on local resources.

4.2. Energy, Plants and Habitat Production

In the dryland systems, where sufficient water is available, solar energy is rapidly converted to
net primary production, providing valuable plant products and habitats. Plant production can include
wild or cultivated plants for use by humans (e.g., as food, medicines, and other non-timber forest
products) or for the habitat and amenities that they provide collectively in situ (e.g., as described
in [93]). These are in addition to supporting animal production (see previous section). Often, plant
and energy production can be valued using market prices. However, due to value-adding processes
for energy, food and other products, production functions may reveal higher values than the available
market prices for the raw material.

Valuation of wild plant products is often challenging due to lack of statistical information. In some
cases, annual inventories of the value of the non-wood products from the forests and also the revenues
gained from permits and taxes, etc., may also be available (e.g., [94] for Senegal). It can be possible to
obtain information on agricultural crop production and prices through the national statistical systems
(e.g., [58] for Senegal, or [95] for Kenya]. Where information about plant products and their value
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is not complete, or not available at a suitable scale, rapid appraisal techniques are frequently used
to obtain relevant information, when required (see e.g., Box 2).There are also many modeling tools
available and applied for understanding the production of crops in the sub-Saharan agroecosystems
(see e.g., [96] in West Africa, [97–99] in East Africa).

Across sub-Saharan Africa, the amounts of energy consumed from different sources including
wood-fuels for cooking and others are calculated in the national emissions inventories based on
population numbers and assumptions concerning the locally available fuel sources. For example,
in Kenya, it is estimated that 50% of households depend on charcoal and one person uses about 1.9 kg
of charcoal a day [100]. The majority of producers do not have tree-replanting schemes. They also use
wet wood in earth mould kilns to convert wood to charcoal. This produces a low conversion of solar
energy and woody biomass to charcoal. Increasing the conversion efficiency would increase fuel value
achieved per volumetric unit of wood, as well as reducing pollution and habitat degradation where
wood is over-harvested (see [101]). As yet, direct use of solar energy without conversion to biomass is
still relatively limited in Sub-Saharan Africa. The use of fossil fuels from within the region is also not
yet widespread—although often such fuels are imported.

At present, charcoal-burning is often practiced as an income-generating strategy and can be
one of the few available sources of income for households in Sub-Saharan dryland ecosystems either
alongside livestock-raising or as a substitute for households who do not have access to livestock.
Charcoal can be sold and transported to supply urban households with fuel. In Kenya, use of charcoal
in urban areas has risen by 64% in two decades [102]. The charcoal industry is estimated to employ
500,000 people and generate more than US$427 million that benefits grassroots communities. Yet it
remains illegal and is not captured in national statistics or fiscal systems.

Where communities produce crops for subsistence uses, available statistics may be incomplete and
provide an inadequate indication of their economic value. Market gardening production—which can
generate numerous harvests throughout the year may also not be well-captured in national statistical
systems. Irrigated market gardening can generate significant contributions to household income in
marginal dry areas and is a popular investment choice for development projects in many parts of
Sub-Saharan Africa (see e.g., an economic assessment in the Volta Basin [103]).

Where plants have been cultivated, there will be input costs including labor and others that
must be weighed against the output value of the crop. If the inputs are subsidized, the economic
costs to society will be higher than the financial costs paid by individual farmers. There may also be
opportunity costs to society associated with inputs such as water or conversions of land-use—even if
these are not considered to have a high market value. Examples include irrigation schemes constructed
in the East African pastoral rangelands [104–106]. Also in northern Nigeria [107–110], the Inner Niger
delta in Mali [111–114] and parts of Mauritania [115,116]. A recent study in the arid lands of Kenya [48]
demonstrated that irrigated agriculture could generate a value of US$0–4 per unit of water applied,
whereas extensive production could generate US$13–22 and other domestic uses up to US$90.

Output values for wood, charcoal and crops are usually identified in relation to market prices.
Where there are no markets, benefit transfer is often proposed as a valuation method. Examples of cases
where benefit transfer is frequently applied include medicinal plants, such as incense, that may have a
high value in some markets, even if this value is not yet accessible to communities in many dryland
areas. Some medicinal and aromatic plants require processing to extract high-value products, such as
essential oils and dyes. This raises questions about real and hypothetical value chains, similar to those
identified for livestock products. In addition, some of the use values of plants e.g., for medicines may
not yet be fully understood and could require years of future research to uncover. It is very difficult to
assess the cost to society if these plants are not conserved due to habitat loss and extinctions.

Plants, trees and natural fibers are used to generate agreeable habitats for humans, including
shaded areas, cooler, well-ventilated buildings, fans, etc. They create cleaner air and reduce urban
heat island effects. Bamboo, raffia and other fibres provide lightweight, portable and biodegradable
furniture, ornaments and accessories that are aesthetically pleasing. Many relevant practices are
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well-known and widely available in vernacular building styles and traditional handicrafts. More are
also continually evolving.

Beyond individual plant products, the value of plant assemblages and habitats for wildlife tend to
be assessed based on wildlife tourism revenues, according to the travel cost method [42]. Sometimes,
conservationists are willing to pay also through other arrangements—e.g., in eastern Africa, Maasai
land owners whose grazing lands fall within the ecologically important Kitengela wildlife dispersal
area in Kenya have entered into land leasing agreements with conservation groups who lease land
from households in return for commitments to maintain the land unfenced and open to both wildlife
and livestock [117–119].

Willingness to pay among the Nairobi public for securing the Kitengela wildlife dispersal area has
been estimated at US$1.2 million which could provide a longer-term source of financing [120]. In the
Simanjiro district of Tanzania, a similar scheme has been established where tour companies make an
annual payment of US$4500 to communities to prevent agricultural encroachment onto a 23,000-acre
wildlife corridor [121].

Box 2. Case study: valuing energy, plant and habitat production in West African agroforestry using
participatory rapid appraisal of social returns (based on Weston et al. [101]).

The anticipated effects of agroforestry and improved stoves on the economic value of energy and plant
provisioning in the district of Talensi in the semi-arid Upper East Region in Ghana have been assessed by
Weston et al. [101]. The assessment used focus groups and a household survey to generate a social return
on investment analysis (after [122,123]), which identifies proxy financial values for non-market as well as
market benefits.

This enabled valuation of a large number of benefits that were generated by the agroforestry interventions,
including their asset value as wood resources that could be used or sold in difficult times. But also, until then,
other benefits that they would provide in situ, including effects on the production of crops, livestock and wild
foods. Crop production is boosted by the presence of trees and their effects on soil quality. Livestock production
is increased by the availability of shade and fodder from the trees. Wild foods are either produced directly by
the trees (fruits) or by the habitat that they provide e.g., for rabbits and partridges. The presence of the trees
also creates other beneficial effects that were considered valuable by the human population, including shade,
reduced windspeeds, airborne dust, aesthetic and cultural effects.

Weston et al. [101] used this information to calculate social returns over three time periods: immediately
after close of project activities; 4 years after project; and 10 years after the project using a discount rate of 8.9%
p.a., which was Ghana’s predicted inflation rate for 2012–2017. The values for each social impact were added to
further values associated with the presence of the project (such as increased credit, optimism and community
solidarity), aggregated into a single total value and divided by the total cost of project inputs to arrive at a social
return on investment ratio for each of three time periods.

4.3. Water Availability and Supply

Access to water is usually highly valued by society in water-stressed environments. This value
provides for a range of uses by different groups and individuals—including for household needs,
watering of livestock, market gardening and firefighting—even if sometimes these are free of
charge [124].

Water supply often has a market value—paid to service-providers or vendors. Nevertheless,
the costs that society pays to secure water supplies may often be much higher than the unit prices
for the water on the local markets —which may sometimes be low or non-existent due to market
inefficiencies, state support or subsidies. Market prices for water supply can also rise sharply in times
of drought and scarcity. Because of this complication in drought-prone dryland areas, it is particularly
problematic to rely on the use of market values to assess the benefits of improved water supplies.

Valuation of water supply in the drylands can include the avoided costs of disease [125–128]
and replacement expenses such as travel costs to obtain water supplies [129,130] or infrastructure,
pumping and treatment costs. The input costs to society to secure water availability are very
context-dependent and may be higher in remote or hard-to-reach areas than they are in densely
populated areas. Furthermore, in addition to infrastructure, the costs of gaining water supplies must
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include investments in human capacities. These costs are often difficult to fully quantify or generalize.
They are also context-specific and influenced by many other factors.

‘Production-function’ approaches to the valuation of water supplies focus on estimating how
much value is added to the economy per unit of water supplied [109,131]. This can be relatively easily
estimated for agricultural products where there is a market and the relationship of water inputs to
outputs is reasonably well understood [132,133]. Production-functions for water can give values that
are higher than the market prices for water due to value-adding processes. However, there are usually
other inputs to production that may also need to be accounted for, in addition to the units of water.

There is often a hierarchy of different production values for water according to its various uses.
Frequently, the most readily accessible value for water is the value of plant production that it can
support (see previous section) (e.g., as in [109,134]). Normally, the value to society of a cubic metre of
water for basic human needs should be greater than the value of a cubic metre of water to be used
for irrigation.

The actual economic value of the productive uses of water will be sensitive to supply and demand
factors affecting prices that are more difficult to understand and predict than the physical production
aspects [57]. Often, households will use a combination of multiple water sources to support their needs
and economic activities, and will change these configurations under different conditions of water
scarcity [109,135]. As a result of this, measuring water’s contribution to all sectors, and to the total
value chain of a good or service, or its total economic benefit can also be complex [37,132,136–138].

Sometimes there is an opportunity cost for water supply if this may reduce its availability for
other possible uses—e.g., where water is extracted in the upstream part of a basin and so becomes
unavailable to other users downstream (see Box 3) [57]. Taking a catchment level approach to assessing
the value of water availability can be particularly important to ensure that water is available for all
vulnerable households’ basic needs during droughts. Using infrastructure, water can be transferred
across the system or catchment to be made available where it is most needed for particular uses at
specific points in time.

Box 3. Case study: valuing water supply in a Kenyan rangeland using a water evaluation and planning
model (based on Mutiga et al. [139] and Silvestri et al. [35]).

The anticipated effects of upstream water extraction in the Ewaso Ng’iro North Catchment, Kenya,
on the economic value of ecosystem service provision across the catchment as a whole were assessed by
Silvestri et al. [35] using market valuation methods to identify the values of provisioning services in the irrigated
farmlands and rangelands. The study drew on exploratory work by Mutiga et al. [139], using a water evaluation
and planning model (WEAP) ([140] see: www.weap21.org).

The economic value assigned to upstream irrigation extractions did not take into account the opportunity
costs and externalities caused by the extraction of water from the system, which reduced its availability
downstream during a period of severe drought. Losses and damage to livestock and livelihoods in the
downstream rangelands were also not taken into consideration. In the valuation of services to downstream
areas, livestock production was assigned a value that may have been underestimated. Furthermore, human
domestic uses of water were not valued at all—neither upstream nor downstream. Based on this assessment,
continued increases in upstream water use for irrigation could be justified in light of their apparently major
contribution to the economy.

Subsequent studies suggested that reduced access to water supply for humans and livestock in downstream
areas during droughts caused unsustainable losses of lives, assets and livelihoods, which in turn seriously
affected the growth of the national economy [141]. Furthermore, the value of downstream livestock production
and domestic water uses has increasingly gained in recognition [48,142,143]. These observations suggest that the
rationale for continued upstream extractions should be re-evaluated in light of increased understanding of the
resulting externalities downstream.

Although in these studies the WEAP was demonstrated to be a useful tool for modelling the physical
aspects water allocation across the catchment, there is a critical need for careful selection of the assumptions and
valuation methods to be assigned to the different water-use alternatives represented through the model.
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4.4. Supporting and Regulating Services for the Functioning of the Dryland Ecosystems

Critical supporting and regulating processes for the functioning of the dryland ecosystems
can include regulation of water flows, flood defense, groundwater recharge, water purification,
storage, and soil conservation, including for carbon sequestration (see Box 4). The value of the
supporting services can be captured in terms of the avoidance of damage (e.g., for flood-prevention)
and replacement costs to reproduce these services if they were not provided by nature (e.g., costs of
infrastructure for pumping and treating water) [44,144,145].

Various studies have explored public willingness to pay for ecosystem services that can be
achieved through soil and water management, groundwater recharge and revegetation to sustain
ecosystems (e.g., by regulating stream-flow and reducing flood risks) or to increase downstream water
quality. For example, in South Africa, Turpie et al. [146] assessed public demand and willingness to
pay for groundwater recharge, flood attenuation and flow regulation using a geographical information
system. Due to water scarcity, they assumed that groundwater recharge was fully demanded and
that therefore the entire public would be willing to pay for it, but that demand for flood attenuation
should be adjusted by a demand factor applied at a secondary catchment scale. If urban areas or
mines occurred within 100 m of rivers then the service was considered fully demanded, if irrigated
agriculture was present, the service was considered 50% demanded, otherwise it was not considered
to be demanded. Maps of households and their estimated willingness to pay were used to generate
estimates of the economic value of the services to society.

For over a decade, researchers have been exploring scope for payments for watershed services
in Kenya’s Tana River catchment to avert downstream water shortages and treatment costs.
Regulating runoff and preventing soil erosion upstream is expected to increase the quality of water
downstream but farmers will not maintain these practices without sufficient economic incentives [147].
On the other hand, construction of dams upstream will reduce the availability of drinking water
downstream [148,149]. Recently, a business case has been presented for a water fund through which a
company that supplies water to Nairobi by diverting water from the Tana river can pay for upstream
soil conservation [150–152]. The water fund agreed to provide payments to upstream tea and coffee
farmers to regulate water flows, runoff and erosion by maintaining the upstream parts of the catchment.
No payments will be made to the downstream users of the catchment whose supply is reduced but
the Kenyan government is investing in a seawater desalination plant to boost downstream urban
water supplies.

Other aspects of the economics of soil erosion control can involve on-site productivity and
carbon sequestration [153]. International markets for payments for carbon sequestration services are
increasingly becoming established through global initiatives to mitigate climate change. Such schemes
have been explored in various parts of Africa. Some additional relevant valuation approaches include
option values which have been used for valuation of rights to future services e.g., as they would for
energy exploration. These have a market value and can be traded. No examples of trading in rights to
water regulation and storage have been identified in Sub-Saharan Africa during the preparation of
this review, but trading in water rights has been introduced in water scarce areas of North America
and Australia [154]. Access to water affects the value of land in many parts of the world, including
Sub-Saharan Africa [155]. A relevant valuation approach, known as hedonic pricing, focuses on
capturing the difference in market value of properties with or without access to the service [156,157].
Such an approach has been applied in other parts of the world, e.g., to assess willingness to pay to avoid
erosion and sedimentation of lakes and improve water quality [158,159] or flood risk [160]. Recently,
this approach has been used to identify the value of reduced flood risks and other improvements to
living conditions in African cities [161].

Where water storage in dry areas enables populations to reduce vulnerability to drought, this can
be valued in terms of the avoided costs e.g., avoided reductions in livestock productivity and/or
avoided mortalities [28,141]. However, sometimes the lack of proven counterfactual evidence reduces
the credibility of claims of damages avoided. To assess the value of increases in water storage and
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availability—e.g., through increased groundwater recharge, the anticipated future use of the water can
have a value.

Assessing the economics of groundwater management effects can require determination of
an optimal extraction path for an aquifer over time. A spatial externality in which excessive
pumping at one location on the aquifer lowers the water table at another location may also
require attention [162–164]. Practical challenges for economic assessment of this and other effects
on groundwater availability under different land management conditions include the problem
that groundwater conditions and extraction rates are subject to strategic private management and
information constraints [165,166].

Box 4. Case study: assessing water regulation and carbon sequestration using InVEST model (based
on: Sahle et al [167,168] and others cited).

The anticipated effects on ecosystem service provision to be achieved through introducing agroforestry
in the Wabe River catchment of the Gurage Mountain chain landscape, Ethiopia, over the period 2017–2030
have been modelled by Sahle et al [167,168] using the InVEST model [169]. Under a future land-use scenario
with increased agroforestry, improvements could include increased food production (102%), water yields (17%)
and carbon sequestration (19%), and reduced sediment export (21%) and soil loss (18%). Varying the extent of
agroforestry activities would generate altered estimates, enabling assessment of tradeoffs among the different
options. Quantified estimates of water yield and carbon sequestration generated using InVEST can be assigned
economic values using market prices or other methods to facilitate the assessment of tradeoffs.

Water yield in InVEST is defined as the amount of water that runs off the landscape (precipitation minus
storage and evapotranspiration losses) [170]. Limitations of InVEST include an annual timeframe, and also that
surface and base flow partitioning and inter-annual water delivery timing are not captured so it cannot assess
effects on groundwater recharge and all other estimates are insensitive to these critical processes in the dryland
ecosystems [169]. This means that the model may be of limited use in assessing the effects of investments other
than revegetation.

InVEST has proved useful for obtaining broad estimates of the effects on water yield based on limited input
information where such information is not available to support other modelling tools—e.g., in the Nile Basin [171].
The InVEST model has also been applied in other areas of Sub-Saharan Africa, including Rwanda [172], Ghana,
and Cote D’Ivoire [173].

Other hydrological modelling approaches that have been explored to generate assessments of effects of
vegetation on hydrology, including flow regulation and storage that are more sensitive to variations in land
surface conditions include the soil water assessment tool (SWAT) [145,151,174], among others (see e.g., [144]).

5. Discussion

Even though economic evaluation of ecosystem service benefit streams from the dryland
ecosystems have been relatively rare and limited, a significant body of relevant examples is available
in Sub-Saharan Africa, as identified in this review. These include assessments of critical benefit streams
from ecosystem service values associated with water availability, energy, food, and the underlying
ecosystem support functions. Increasingly, assessments are taking into consideration the value of
water and energy resources—both as a supporting and regulating features in the drylands as well as
essential commodities that contribute directly to human well-being.

Examples of assessments applied across the region demonstrate that it has already been possible
for practitioners to assess the extent and economic value of some these benefit streams on a piecemeal
basis, even if comprehensive long-term assessments have not yet been attempted. A range of
adaptive management practices that affect these benefit streams are also identified. It is important to
acknowledge that the selection of benefit streams considered in this review was not exhaustive and
there can be many other benefit streams worthy of attention.

For the benefit streams considered, the compilation of examples that is presented in this review
is also not exhaustive. Yet, the clear affirmation that the selected benefit streams can and have been
valued in both West and East Africa should encourage practitioners that further such assessments are
feasible. Collectively, the precedents and examples drawn together in this review demonstrate the
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potential for more systematic assessment of the current level of benefits from the dryland systems and
of the scope for investments in further improving management practices.

This should encourage practitioners to continue to identify and value the baseline values of
benefit streams from the existing management systems in the drylands and the potential for adaptive
management. This will create a stronger business case for investment—both for donors and for local
communities to reinvest.

Where effects on benefit streams are predicted at the outset of projects, it is important to recognize
that not all investments succeed as planned (personal communication: Obadiah Mungai, 26 May 2018).
Some investments can fail or may not secure the benefits that are anticipated. Therefore, careful
monitoring ex-post assessment following the investment process is important. To build necessary
institutions and capacities for these processes in order to support adaptive management may require
additional investments in human capacities.

The diversity and layering of multiple benefits that dryland ecosystems provide can pose a
practical challenge for assessment. Not just one but often a range of different types of goods and
services are generated and can be affected by investments in local resource management in the drylands.
For example, a water-harvesting investment can simultaneously generate all of the types of benefit
streams described. So can an investment in agroforestry.

In most cases, some very important aspects of the benefits streams and adaptations will escape
economic evaluation. The real costs of illnesses in terms of missed opportunities and conflicts in the
communities are difficult to identify but the benefits from avoiding these problems are likely to be
enormous. Where these are secured, the local institutions can also secure further benefits, such as
increased confidence and capacities, and other changes in perceptions and social processes.

Synergies between benefits can introduce further complexity and often escape economic
assessment. This problematizes the additive summation of benefits since, with synergies, the final
sum-total of the benefits will be more than the combined value of the individual benefit streams.
For example, rangeland restoration may improve the availability of fodder, milk and tree growth,
while also enabling lactating livestock to stay closer to settlements. The end result of this will be of
greater benefit to household than the sum of the value of the milk production and the reduced journey
times for herding and wood-collecting because the households having access to free supplies of milk
and fuel for cooking will have better diets, lower expenditures, and more time to engage in productive
activities. These may enable households to multiply the benefits that they obtain.

There may also be cost-savings to the humanitarian and international development communities,
national governments and society more broadly due to reduced vulnerability to droughts and floods
and avoidance of the associated losses and damages.

6. Recommendations and Conclusions

The review has identified some key benefits from local investments in dryland ecosystems
that are worthy of additional consideration because they are essential to the livelihoods of the
local populations—such as the value of livestock production, water resources, energy in the forests,
and others. We have also identified available methods to fill the strategic gaps in the available statistical
systems. It is recommended that decisionmakers should choose the tools, systems and calculations
that will best capture the value of their investments and the benefits that are most critical to society.

This paper has demonstrated that economic assessment of some of the returns on investments
in dryland ecosystems is possible for project managers and researchers to undertake even at the
early stages of the implementation of projects. Practical insights presented in the paper demonstrate
that such assessments can at least include one or two benefits that will appear during the first year.
In the exploration of the assessment process, it is likely that other benefits will be identified that will
accumulate over the longer term and hence may be more challenging to assess. Wherever, possible,
mainstreaming of systems to monitor and assess critical benefit streams into national statistical systems
is strongly recommended.
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As decision-makers and practitioners increase their use of the available assessment methods to
value the benefit streams that are generated in dryland ecosystems, this will improve the availability
of baseline information. Improving the baselines will facilitate the assessment of potential impacts
from investment alternatives. The wider global community of dryland researchers and development
practitioners could accelerate the current state of the art in the assessment of benefits from investments
in dryland ecosystems by building these institutional capacities to generate such assessments as well
as through continued support for physical land and water management improvements both upstream
and downstream in dryland ecosystems.

Funding: The preparation of this manuscript received no external funding.

Acknowledgments: In-kind support received from the following sources should be acknowledged: IUCN, KEFRI,
WOCAT, IIED and the ADA Consortium, GIZ ELD Initiative, the University of Southampton and the Oxford
Deserts Conference. None of the above bears any responsibility for the final content of the manuscript, including
any errors or oversights that it may contain. The author also wishes to thank two anonymous reviewers and the
editorial office for outstanding Editorial Assistance and support.

Conflicts of Interest: The author declares no conflict of interest

Appendix A

Box A1. Examples of community-scale practices and investments for adaptive management in dryland
ecosystems.

To maximize services from livestock production:

• Increase fodder availability or introducing supplementary feeding;
• Improve watering facilities and transhumance routes and patterns in extensive systems enabling access to

water and pasture during dry seasons and droughts;
• Improve veterinary facilities, vaccination and disease-reduction programmes.

To maximize services from plant production:

• Enclosure of vegetated areas to prevent over-grazing or extraction by humans;
• Water-harvesting and irrigation systems to prevent crop failure during droughts and enable more frequent

harvests e.g., for market gardening;
• Improve storage facilities to prevent post-harvest losses due to floods and fires.

To maximize services from energy production:

• Improve conversion efficiencies of stoves and burners;
• Increase use of solar-powered systems for pumping and treatment of water;
• Establish mini-grids for distribution of renewable energy supplies to households.

To maximize services from water supply:

• Improve surface water pans, reservoirs and other water-harvesting structures;
• Deepen shallow wells and digging boreholes to accelerate access to groundwater reserves;
• Install and improve water supply and treatment networks.

To maximize supporting and regulating services:

• Soil and water management to prevent erosion and increase infiltration and groundwater storage and boost
carbon sequestration;

• Revegetation—e.g., afforestation or construction of wetlands to improve soil quality, settle contaminants,
increase infiltration and boost carbon sequestration;

• Institutional strengthening to manage the above and other practices, as needed.
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Abstract: In dryland Africa, access to land and water resources are central to pastoral
livelihood activities. Policy intervention in these regions represents the outcome of concerted
post-independence processes in which countries have committed to land tenure transformation
as a policy objective. This was meant to create private, liberal property rights to replace communal
customary tenure systems which were considered to be a constraint to development. Despite these
efforts, decades of scientific research indicate that countries are still struggling to meet environmental
sustainability objectives. Land degradation where it existed has not been halted and traditional
pastoral livelihoods have been disrupted. The overall evidence base for policymaking remains
weak as deficiencies in data or information on which management decisions were based led to poor
policy performance. In a bid to strengthen understanding in this area, this study has a dual aim:
1. Using a systematic review of the literature, we examine the impact of land tenure transformation in
pastoral areas in sub-Saharan Africa; 2. We analyse user-perspectives on land tenure transformation
and pastoralists’ rights in Ngamiland, Botswana, so as to draw out the salient issues that must be
addressed in order to reconcile pastoral tenure conflicts and land management in sub-Saharan Africa.
Results from meta-analysis and case study show that land tenure transformation policies across
pastoral areas are subject to similar challenges and consequences. Protecting pastoral land rights
requires deliberate policy interventions that recognise pastoralism as a productive and efficient use
of resources. Policymakers need to overcome anti-pastoral prejudice and focus on Sustainable
Land Management goals. This entails establishing negotiated and flexible tenure frameworks
that strengthen pastoralists’ participation in decision-making arenas by working with pastoral
communities on the basis of understanding their livelihood system.

Keywords: communal rangelands; property rights; environmental impacts; policy implementation; drylands

1. Introduction

In drylands, access to grazing and water resources are central to rural pastoral livelihoods activities.
In these environments, pastoralism is one example of a resource use system that is highly dynamic
and uncertain. For rural community dwellers, communal lands and their resources are the mainstay
of most economic activities and rural livelihoods, including farming, hunting and the day to day
gathering of natural resources such as veld products [1,2]. However, concerns over the demise of
traditional pastoral resource use systems due to rangeland degradation, impacts of climate change,
impacts of land tenure policies, expansion in commercial agricultural activities and conservation areas
continue to occupy the central agenda in pastoralism literature [3–5]. Many pastoral communities are
faced with challenges of shifts in land tenure as their communal rights are considered by development
practitioners as a constraint that hinders development with a need to be modernised [6]. Moreover,
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climate change, population growth and land use policies that focus on sedentarisation of pastoral
communities continue to cause accelerated pressure on natural resources leading to rangeland resource
degradation, wildlife declines and pastoralists vulnerability [7,8]. As drylands are characterised
by low and spatiotemporally variable precipitation [9], sustainable land and livestock management
are dependent on adaptive mobility and pastoralists’ flexibility to make use of the highly variable
rangeland resources [10]. Historically, pastoralists have been able to follow rainfall or specific pasture
resources through space and time in order to meet the needs of their animals and prevent rangeland
degradation caused by the concentration of animals in smaller territories [11,12].

In sub-Saharan Africa (SSA), competition over land has intensified over the last few decades due
to urbanisation, agricultural intensification, conservation initiatives and privatisation of communal
lands through rangeland policies that have sought to create private, liberal property rights to replace
communal customary systems [13]. The two opposing views in this debate are focussed on either
supporting tenure reform through the registration of land to individuals, state or strengthening
customary tenure. The proponents of tenure reform have received support since Hardin’s argument
that communal tenure arrangements fail to regulate irrational behaviour, leading to overexploitation
of communal resources [14]. Hardin’s thesis also provided the rationale for World Bank programs
calling for privatisation of communal grazing lands so as to commercialise the livestock sector in
developing countries [15]. De Soto’s [16] support has been singled out with his theoretical argument
stating that the conditions and terms of negotiation under which land is held under customary tenure
only encourage low rates of productivity-enhancing investments. De Soto refers to land held under
customary tenure as ‘dead capital’ because it cannot be used as collateral in a formal banking system.

However, these views have been widely contested as not representing customary land rights
and management systems that were in place for African rural communities [17,18]. Ostrom [19] and
others have argued against solutions that are imposed on users by external authorities, arguing that
traditional group property regimes are able to self-organise, that local users are capable of designing
and changing their own rules, implementing the agreed upon rules and most importantly draw on
inherited skills to learn strong locally crafted rules as well as evolved norms of behaviour [19,20],
especially reciprocity [21]. Ostrom further argues that undermining local resource users through
privatisation or rangeland enclosure schemes increases the vulnerability of resources to degradation
including the increased vulnerability of their users [19]. In SSA, land use policies have ignored
the multi-purpose goals of traditional group property regimes as practiced in communal lands and
emphasised rangeland enclosures, privatisation of communal grazing lands and commercialisation
of the livestock sector, leading to weakening and marginalisation of traditional land and pastoral
management regimes [11,22]. Mobility and flexibility have diminished as land ownership has become
more rigid and fixed, with different land uses separated by fences and other administrative barriers [23].
In Kenya’s Maasailand for example, researchers describe the impact of government enclosure policy in
which rangeland development schemes have not only privatised the best land but have also led to
overgrazing, violent conflicts and increased wealth inequalities [3,24].

Implementing property rights that are equitable and can enhance the sustainability of both
pastoral livelihoods and resources has remained a challenge for public policy across Africa’s
drylands [25]. The performance of land tenure policies has had mixed results and issues of impacts
and implementation of such policies for sustainability remains debated in the research literature.
The overall evidence base for policymaking remains weak and insufficient as deficiencies in the data or
information on which planning and management decisions are based often leads to poor performance
of different policies. In a bid to strengthen understanding in this area, this study has a dual aim:
1. Using a systematic review of the literature, we examine the impact of land tenure transformation in
pastoral areas in SSA; 2. We analyse user-perspectives on land tenure transformation and pastoralists’
rights in Ngamiland, Botswana, to draw out the salient issues that must be addressed to reconcile
pastoral tenure conflicts and land management in dryland areas.
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2. Materials and Methods

2.1. Systematic Literature Review on Pastoralism and Land Tenure Discourse

Data for this study were collected from primary and secondary sources. Data from secondary
sources were obtained through a systematic procedure (Figure 1). This was developed using keywords
and other search options such as Boolean operations (AND, OR), using methods described by
Waddington et al. [26]. Resources available through databases: Web of Science, SCOPUS, Springer
Link, JSTOR, Google Scholar and other library resources were used. We used both published literature
(Journal articles and books) and grey literature in the form of government policies and legislative
documents, technical reports, land use and land management plans obtained from government
departments and government printing and publishing agencies.

 

Figure 1. Flowchart of literature search, process and results.

2.1.1. Eligibility

For eligibility, we considered articles that examine land tenure, property rights and pastoralism in
SSA or other developing country contexts. We considered empirical studies published between 1990
and 2017. Specifically, the eligibility criteria based on abstracts and full text were as follows;

• Articles that have the words: land tenure AND/OR communal land privatisation, pastoralism
AND/OR property rights in abstracts.

• Publications based on outcomes of land tenure transformation in SSA.
• Publications that study a clearly defined policy intervention in drylands pastoral areas.
• Publications that provide adequate methodological information.
• Publications that asses the outcome at an appropriate level of analysis, specific case studies, e.g.,

district or village level.

2.1.2. Exclusion Criteria

• Publications whose methodologies were considered difficult to assess in a systematic manner.
• Nonrelated articles, e.g., commentary, simulations and modelling.
• Review papers.
• Articles whose main focus is in developed countries.
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• Research articles (not policies) published prior to the year 1990.
• Publications that were produced in a language other than English.

2.1.3. Data Extraction

A data extraction template was developed and study variables and characteristics systematically
collected were as follows (1) Document type e.g., Journal, Book, Policy; (2) Title of the study;
(3) Research category/field; (4) Study geographical area e.g., country, region; (5) Keyword and
meaning from the abstract e.g., pastoralism, land tenure, property rights, commons, communal
land privatisation and (6) Date of publication.

2.2. Mixed Participatory Methods

Empirical data from six study villages in Ngamiland (Sehithwa, Toteng, Bodibeng, Bothatogo,
Makakung and Semboyo) were used to understand the policy impacts of land tenure transformation
on pastoralism and provide comparisons with issues emanating from the wider literature. A mixture
of qualitative participatory rural appraisal methods were used to allow pastoral communities to share
their experience and knowledge with regard to pastoralism, livelihoods and land tenure transformation.
This included focus group discussions, key informant interviews and semi-structured interviews.
A total of 6 focus group discussions, 26 key informant interviews and 97 semi-structured interviews
were undertaken in the 6 villages. Purposive sampling and snowballing techniques [27] were used to
identify key informants. Farmers’ committees, village leadership and village development committees
were used to solicit names of participants for focus groups. Key informants were selected based on their
pastoral and local environmental knowledge. For semi-structured interviews, a structured sampling
procedure was employed and participants were taken from a cross-section of the pastoral community
and included both males and females (Table 1). The qualitative data were coded and analysed through
iterative content analysis [27] in order to identify major themes. Structuring themes permitted the
comparison of the responses with themes identified through the systematic literature review.

Table 1. Study villages and demography.

Village
Human

Population

Total Numbers in
Semi-Structured

Interviews

Male
(Semi-Structured

Interviews)

Female
(Semi-Structured

Interviews)

Sehithwa 2748 28 18 10
Toteng 909 19 12 8

Bodibeng/Bothatogo 1333 28 11 17
Semboyo/Makakung 691 22 10 11

Total 5681 97 51 46

Data source: Central Statistics Office, Botswana, 2011 census report and authors’ interview transcripts.

3. Results and Discussion

3.1. Pastoralism and Land Tenure Discourse in Sub-Saharan Africa

Most of the literature from the systematic review e.g., [22,28–31] identifies the complexity
of land tenure and pastoralism in SSA. Many SSA governments have committed to land tenure
transformation as a policy goal [22,32–34]. Most policy documents and official reports have depicted
pastoralists as unable to manage communal resources in a rational way, thus providing a strong
justification for privatising communal pastures and controlling pastoralists’ movement, stocking rates
and access [35,36]. Almost two third of the papers (63%) assessed the impacts on pastoral livelihoods
and how the individual tenure transformation policies in pastoral areas had failed to meet their
environmental objectives. The remaining papers investigated issues related to implementation, policy
conflicts and priorities. The issue of land tenure in SSA has been mentioned as of significant importance
for agricultural development and food security in documents such as the UN Millennium Project [37],
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NEPAD’s Comprehensive Africa Agriculture Report [38] and a significant number (37/50) of the
journal articles point to the challenges of land tenure transformation in dryland Africa. Priority issues
in land tenure policies and implementation in pastoral areas consisted of:

• A decline in land productivity—reduction in communal managed grazing, constriction in livestock
mobility (53% of the papers).

• Loss of critical common property management regimes—reduced coping mechanisms (49%).
• Implementation challenges—actors’ priorities and inadequate resources to support policy

implementation (39%).
• Increased inequality and social conflicts, breakdown of social networks and safety nets (33%).
• Limited coping mechanisms and adaptive capacity by pastoralist remaining in communal

areas (29%).
• Lack of accountability by local level institutions and authorities (26%).
• Low level of economic development and deficiencies in markets (23%).
• Wildlife management areas and traditional use of rangelands in conflict (19%).

With respect to pastoralism, most of the papers (77%) highlight land tenure security and land
expropriation as key problems in pastoral land development. Expansion of competing land-uses,
land tenure transformation, individualisation and enclosures have reduced the net availability of
rangeland resources, often with significant consequences for pastoral livelihood and the environment.
For example, in Kenya, the group ranch concept is said to be in its fourth decade, but there is general
consensus among scholars and researchers, including policymakers, that the policy has failed to meet
its objective (of commercializing production, improving pastoral wellbeing, improving environmental
management) and has also jeopardised the socio-economic welfare of the Massai community [23,39,40].
The group ranch concept, a world bank-sponsored Kenya livestock development project, allowed
for the setting aside of certain areas of land to be collectively owned by a group of people legally
registered as members of a particular ranch for collective management [40]. Analysts point out that
the positive aspects of the concept were overshadowed by problem such as continued trespassing of
ranch boundaries, loss of land to elites’ members, refusal to control stock numbers and that no real
transformation to a market-oriented livestock production system was made [23,40,41]. Inequitable
access to land and socio-political factors were identified in 33% of the articles analysed. Galaty [41]
found that the group ranch subdivisions in Kenya have benefited elites and outside investors,
undermining the traditional livelihoods of poorer Massai pastoralists.

In Ethiopia, according to Tache [42], the practice of reserving some pastures for drought
was widely practiced by Borana, Guji and Gabra Oromo communities long before the arrival of
externally/donor founded land tenure and pastoral development projects. Tache argues that these
reserved areas were not fenced, but word of mouth was enough to restrict access. Over the years’
pastoralists in Ethiopian drylands have experienced a shrinkage in available dry season grazing,
a reduction in communally managed grazing reserves and growing individualisation of land use
rights through privatisation. Similarly, in Sudan, Babiker [43] found that the process of land resource
individualisation has severely fragmented the Central Sudan rangelands as land is expropriated for
large-scale commercial farming and wildlife conservation.

While the formalisation of the commonage under the Transformation of Certain Rural Areas Act of
1998 (TRANCRAA) in South Africa’s rural Namaqualand has increased tenure security for individual
plot holders, in respect to de Soto’s hypothesised benefits of formalisation and privatisation, tenure
security for users of the commons, especially pastoralists, has decreased [44]. Formalisation has led to
privatisation, increased fencing, reduced communal rangelands and closed corridors so undermining
local grazing patterns [45].

Lack of accountability and conflicting policy priorities and objectives were also cited as an
implementation challenge in 26% of the papers. Often economic development objectives were
prioritised over environmental concerns or pastoralists wellbeing. Another deficiency discussed was
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the low level of economic development and deficiencies in markets which make it almost impossible
to achieve environmental sustainability objectives (23%).

In summary, the meta-analysis shows that in SSA, land tenure transformation policies were
based on western, classical rangeland ecological models [22,46], economic theories [47], rangeland
degradation narratives and tragedy of the commons theory [14,22], rather than the socio-ecological
realities of drylands’ rangelands dynamics. Consequently, traditional grazing territories have been
shrinking while pastoralists dependent on rangeland resources and ecosystem services were displaced
and exposed to incremental risks; poverty, livestock diseases and a breakdown of social networks
and safety nets as well as a decline in rangeland productivity. This compression has suppressed the
flexibility and spatial extent necessary for pastoralism in dryland environments. Evidence from the
review suggests that the perceived benefits of tenure transformation has acted as a justification for the
concentration of land in the hands of a few individuals, exacerbating insecurity of land tenure for the
rural poor.

3.2. Reviewing Botswana’s Rangeland Policy

Botswana is a semi-arid country whose rural population depends largely on livestock production.
Botswana’s rural people are mostly rural village dwellers and their pastoral activities assume the
form of transhumance under a three-tier settlement system, whereby rural village dwellers commute
between villages, land areas and temporary, encampments known as cattle posts, where livestock are
kept [48]. Traditionally, communal rangelands have been managed by traditional institutions which
allow for inter-territorial grazing between unfixed tribal boundaries so that animals can access forage
and water even in times of stress, such as drought years [49]. Change in environmental conditions
has always influenced pastoral livelihoods in Botswana [2]. Unfavourable ecological conditions and
pastoralist’s vulnerability have increased since the 1980s due to increased fragmentation of landscapes
as a result of rangeland policies [50]. The literature on Botswana’s rangeland transformation policies
points to a situation where the design and implementation of rangeland policy were based on an
insufficient or poor understanding of the problem [50–53]. Deficiencies in the data or information
on which planning and management decisions were based means the policy assumptions were not
supported by concrete scientific evidence.

Botswana registered its concern for rangeland degradation and what was termed ‘unsustainable
livestock keeping’ in 1975 through the Tribal Grazing Land Policy (TGLP) [35]. Hardin’s “The Tragedy
of the Commons” [14] theory was widely used to blame communal grazing for land degradation.
TGLP had three objectives: (1) to stop overgrazing and degradation of the range, (2) to promote greater
equality and incomes in the rural areas and (3) to allow growth and commercialisation of the livestock
industry on a sustainable basis [41]. Through this policy, the government hoped that pressure in
communal lands would be alleviated through demarcation of ranches and allowing large herds owners
to transfer their cattle to these ranches, thus leaving the communal lands for communal subsistence
pastoralists [51]. According to the White Paper on the TGLP and feasibility reports by the Ministry
of Agriculture, development had to start with granting exclusive rights and fencing of specific areas.
Land Boards and Land Use Officers in the Ministry of Agriculture were given the responsibility of
surveying the Tribal areas of Botswana (making up 71% of the total area of the country at that time)
and zoning them into three categories: (1) commercial areas where exclusive rights would be granted
to individuals and groups with a minimal rental payment, (2) Communal areas, where the land tenure
system would remain the same but stock limitations would be imposed and (3) reserved areas which
would not be allocated to anyone but rather set aside for the future, thus ensuring ‘safeguards for the
future generation and poor members of the population’ [54].

The planning stage of TGLP focussed on economic gains and administrative initiatives [55].
In spite of complaints from local people at the consultation stage of the uncertainty of potential
benefits [51], the policy was implemented without proper mapping to provide the necessary spatial
baseline information on how much land would be available for the policy’s different objectives.
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In addition, there was no plan to monitor the progress of activities in the different zones stated
above [56].

Lack of spatial information and a good monitoring plan made implementation in its original
form difficult. The zoning process revealed that many parts of the country which were assumed
to have been unutilised actually contained a substantial number of people [55]. Some areas were
used by migratory pastoralists during drought years or wet seasons because they had natural water
ponds [50,56]. Most of the smallholders, including hunter-gatherers, lost the rights to utilise the land.
Communal land privatisation and creation of wildlife management areas illustrate how conflicts have
arisen in the interface between customary and formal statutory tenure [51]. As zoning was done, it was
found that in most districts there was too little land available to permit reserved areas to be set aside,
so the reserved category was dropped and the establishment of commercial ranches became the major
focus of attention on the part of land use planners and development personnel. This was in spite of
the TGLP’s original emphasis on ensuring ‘safeguards for the future generation and poor members
of the population’ [54]. Large-scale cattle owners, especially those with boreholes, were allocated
ranches and were encouraged to transfer their herds into ranches and leave the communal grazing
land to subsistence farmers [35,51]. However, no legislation was put in place to enforce this as those
allocated ranches continued to enjoy dual grazing rights by keeping their livestock in communal
areas and ranches. This led to environmental threats through concentration of livestock in reduced
areas [50]. Such problems are not unique to Botswana as 53% of the articles in the systematic review
mentioned reduction in communal managed grazing, constriction in livestock mobility and decline in
land productivity as of particular challenge in tenure transformation in pastoralists’ areas.

In spite of difficulties in implementation of TGLP [57], Botswana continued with communal
land privatisation in the subsequent National Policy on Agricultural Development (NPAD) issued
in 1991 [36], prompting fears that the concentration of rural poor on the diminished communal
lands may cause further social and environmental problems [51]. NPAD included a wide range of
objectives for the development of the agricultural sector in Botswana. As regards to fencing and
privatisation of communal lands, NPAD emphasized that TGLP would be intensified and expanded
into all communal areas. Under NPAD, the ranches would not have a fixed size as originally stated in
the first stage of TGLP (8 km × 8 km); the size of the ranch would depend on the number of cattle the
applicant for a ranch owned, the availability of land and its carrying capacity, and most importantly
individuals could apply to fence areas within the vicinity or around boreholes, regardless of their
location in communal areas [36]. This policy implied a major land tenure change since the zones that
were originally identified as communal lands (notably grazing lands around cattle post areas) in the
earlier TGLP zoning process would gradually be privatised [36]. The policy recommended the fencing
of a significant part of the communal areas as commercial leasehold ranches or privatised land and the
consequences for pastoralists’ tenure security, livestock mobility and flexibility would later prove to
be significant.

3.3. Experiences of Land Tenure Transformation from Ngamiland District, Botswana

Ngamiland District is situated in North Western Botswana and includes the Okavango Delta.
This makes it an important ecosystem characterised by both drylands and water bodies, abundant
wildlife and enthralling traditional cultures. The district’s major economic activity is substance
pastoralism, with limited arable agriculture on drainage plains [48]. The district was selected for this
analysis because previous studies by Basupi et al. [50,56] identified the region as characterised by land
use competition, conflicts and environmental problems, some of which are attributed to animal health
and land tenure transformation policies. The case study provides critical lessons on crucial issues such
as the interplay between pastoralists’ interests and larger national conservation goals.

In communal areas south of the Okavango Delta, blocks of commercial ranches were demarcated
and allocated under both TGLP and NPAD policies [50]. Wildlife Management Areas (WMAs) emerged
in the 1980s as a result of a national land zoning exercise following the introduction of the TGLP [48].
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As such, land is broadly zoned into distinct uses consisting of communal areas, National Parks, Game
Reserves, Conservation areas (operated as tourism concession areas), privatised ranches and Wetlands
(Figure 2). However, land use allocation and overlaps of different land use types create a complicated
system resulting in pressure and conflict among people, wildlife and livestock [50]. With an average
annual rainfall of 350 mm, the area falls into the semi-arid or dryland transition zone. Surrounded by
fences, the remaining communal area south of the Setata veterinary cordon fence is about 7500 km2

in extent. The livestock numbers are high (at 203,269 cattle; 27,552 goats; 10,148 sheep; 5432 horses
and 5644 donkeys (Department of Veterinary Services, Botswana, 2016 livestock statistics report))
which makes the regulation of grazing areas difficult. Although some members of the population are
involved in arable farming, it is usually flooded recession agriculture in riverbeds and Lake Ngami
floodplains because the soils are too poor elsewhere to support meaningful agricultural activity. As a
result, pastoralism remains the main economic activity. The case study, therefore, offers an ideal setting
for studying user-perspectives on land tenure transformation and pastoralists’ rights. Owing to the
district’s unique ecological and socio-cultural variation, land tenure transformation and landscape
fragmentations has resulted in a new generation of social, economic and environmental challenges;
livestock diseases which are difficult to control in crowded areas, limited adaptive capacity and
conflicting policies and actor priorities. Table 2 summarises the key issues/themes that emerged from
the review of the wider literature and shows how these issues manifest in Ngamiland. Figure 2 shows
the current land use zones and the case study area/villages while Figure 3 shows the livestock and
wildlife spatial distribution patterns and density.

 

Figure 2. Map showing land use and tenure transformation in Ngamiland, Botswana; increased
landscape fragmentation due to rangeland enclosures, privatisation and veterinary fences.
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Figure 3. Dry season wildlife and livestock biomass in Ngamiland (based on wildlife aerial survey
counts by the Department of Wildlife and National Parks)—livestock distribution pattern shows a high
density in communal areas especially around water resources such as Lake Ngami.

3.3.1. Livestock Diseases, Pastoralists’ Vulnerability and Limited Adaptive Capacity

Pastoralists’ livelihoods are heavily dependent on the availability and access to natural
resources [75]. In Ngamiland, respondents reflected on a stark decrease in availability of quality
pastures, restricted access to traditional water resources, land use conflicts and livestock diseases.
Pastoralists have in recent time’s experienced continuous and severe livestock disease outbreaks
especially Foot and Mouth Disease (FMD) [55], at a time when communal management institutions
and pastoral landscapes are least structured to cope with such crises. In Ngamiland, veterinary
disease control fences have formed an integral part of the land use system and have led to increasingly
fragmented parcels of land. Such zonal methods of disease control aim to prevent and contain
disease outbreaks. These fences have since resulted in several kilometres of fences that aim to separate
livestock from wildlife (particularly buffalo as carriers of FMD). Despite increasingly fragmented
and fenced landscapes, the period since 2007 has seen the frequency and duration of FMD outbreaks
increasing significantly [56]. This terminated beef exports from Ngamiland since 2007. This reality
shows that existing disease control practices are failing in the face of constrained livestock mobility,
diminishing communal lands and human-wildlife conflicts.
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During the interviews, the overwhelming majority of households (73%) stated that a lack of
cattle sales is making their lives difficult. The new pastoral environment where a complex sectorial
based institutions are used to manage livestock and land resources is such that pastoralists have
relinquished their control of the management of communal areas and they do not regard themselves
as responsible which in turn has created a liability gap in communal resource management and
fight against livestock diseases. Pastoralists do not believe themselves to be responsible for range
management or fight against diseases instead blame the government departments for problems in
communal areas. While a combination of external factors can also be attributed to the increase in
livestock diseases such as climate change [76,77], respondents argued that the increasing vulnerability
is a result of weakened coping mechanisms especially decreased mobility resulting from rangeland
enclosures and concentration of livestock in reduced lands.

Virtually all the households interviewed (89%) stated that the need for alternative livelihood
was increasing. As such, some households have diversified their activities into fishing, flood recession
cultivation, wage labour and small businesses in the form of petty trade. The increase in petty trade and
diversion into waged labour, including migration to towns, can benefit some pastoralists’ households
but it also leaves general pastoralism and care of livestock exposed as critical labour is lost. With a
reduction in labour availability, many households struggled to round up their cattle for vaccination
and some interviewed households reported that they now preferred to leave their cattle to roam
unattended. This has contributed to a decline in the quality of herding practices and also increasing
environmental stress around water resources and villages.

Under these semi-arid conditions, temporal and spatial fluctuations and the scale of the assessment
are critical in assessing the impacts associated with rangeland and tenure transformation policies.
It is evident that there are some serious ecological and land use pressures between the ranches and
veterinary fences that arise from the current land use practices. This was revealed by studies using
participatory research methods and GIS mapping techniques [50]. Out of these studies emerged
maps that show the concentration of livestock activities between the ranches and the veterinary
fence and around Lake Ngami. In Botswana, rangeland degradation is evident and spreading [78].
However, there are widely contrasting views as to its severity [51]. Some studies emphases that large
tracts of the Kalahari sandveld are severely degraded, with indicators of declining productivity such
as soil erosion, loss of vegetation cover, and a declining groundwater table evident in communal
areas [79]. Others emphasize the localised nature of range degradation around livestock water points
and settlements [52]. A recent drought (2016) killed more than 16,000 cattle in Ngamiland (according to
the Ministry of Agriculture) of which 14,000 were in communal areas between the ranches protection
fence and the Setata veterinary fence. This occurrence raises the fear that the depleted grazing
pastures in these communal areas will not cope with increasing grazing pressures. Respondents
acknowledged facing increasing resource depletion and indicated diminishing communal grazing
land as the main cause. The resilience of this semi-arid rangeland system is being damaged, and if
continuously stressed could lead to increased declines in ecosystem services such as production of
grazing pastures, ground water recharge and carbon sequestration.

3.3.2. Conflicting Policies, Priorities and Implementation Gaps

Some 39% of the reviewed articles mentioned issues related to policy implementation as an issue
in land tenure policies in SSA. It is argued that structural defects in how policies are formulated,
especially policies formulated through external influence with limited involvement of local level
structures fail to reflect the complexity and necessary flexibility of customary tenure arrangements.
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In Ngamiland, pastoralists’ perceptions reflected on government policy and their priorities
including interactions with government officials in the management of land resources and fight
against livestock diseases. Land use conflicts including those between traditional pastoral land
rights, human-wildlife conflicts, livestock predation and crop losses were attributed to conflicts
in policies and priority of actors. Demarcation of ranches and the provision of veterinary cordon
disease control fencing were said to have exacerbated conflicts, particularly when the fence alignments
have bisected key pastureland, wildlife habitats and movements, rather than strengthened existing
land uses. These conflicts manifest themselves in encroachment of land uses such as settlements into
arable land, arable into communal grazing lands, commercial ranching into communal grazing lands
and grazing into wildlife areas. Land use competitions are a problem in that where they are left to
market forces, essential land use perhaps with lower economic rent run the risk of being out-competed
and relegated to less suitable areas. Expansion of competing land-uses has reduced the net availability
of rangeland resources. Wildlife conflicts especially elephants are viewed as a permanent threat to
pastoralism as they compete for available water resources, and also destroy veterinary fences that
separate livestock from diseases carrying animals such as buffaloes. Some respondents (65%) blamed
the elephants threats on blockage of ungulates migratory corridors by fences, especially where fences
have bisected ungulates migratory corridors and fragmented habitats. The concern for pastoralists is
that while wild animals are protected by national and international laws including enjoying long-term
security in wildlife management areas, game farms, national parks and game reserves, pastoralists do
not enjoy such security.

Both TGLP and NPAD represent policies whose poor results could be attributed to structural
defects that characterised their formulation and implementation. Numerous reviews and studies
associated with the TGLP shows that after more than three decades the policy has not yet realised
its objectives, especially of reducing pressure on communal grazing land or promoting equality and
incomes in the rural areas [50,51,57], with some arguing that the policy has reduced environmental
and societal resilience to environmental variability [80]. The idea that there was ample empty land that
could be reserved for future use was misleading [55]. During the planning phase of TGLP, Potential
conflicts in accessibility to grazing resources between ranch owners and communal land dwellers were
identified and a regulation was imposed to protect villages with a 20-km buffer zone within which
no ranch would be allocated. This was done to prevent the ranches from encroaching into village
grazing areas so as to reduce land use pressure and conflicts [35]. This was reiterated by the NPAD
and subsequent feasibility studies which stated that to safeguard the interest of the poor households,
the village grazing area should cover a radius of 20 km. However, with an emphasis on rangeland
enclosures and commercialisation and without the use of a proper spatial technique to monitor the
expansion of the demarcation of ranches the buffer zone was difficult to enforce and some ranches
are now less than 10 km from the villages. Figure 4 shows some 20 km wide buffer zones generated
around each study village using ArcGIS spatial analyst tools (buffering or proximity analysis) and
encroachment of ranches into these buffer zones. With no proper monitoring mechanism, commercial
ranches continued to encroach onto village grazing areas in spite of the TGLP’s original emphasis
on ensuring ‘safeguards for the poor members of the population’. The encroachment has restricted
livestock mobility and increased livestock congestion creating a zone of conflict and pressures between
villages and the ranches leading to rangeland degradation.
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Figure 4. 20 km buffer zones around study villages and the encroachment of ranches in village
grazing areas.

4. Conclusions and Recommendations

Our meta-analysis and case study both show that most land tenure transformation policies in
pastoral areas have not yet yielded the intended benefits, with rangeland degradation remaining a
significant problem. Most of these policies lacked a firm understanding of traditional sociological as
well ecological basis of pastoral production systems. In most cases traditional management institutions
have been disrupted and pastoralists are increasingly squeezed into smaller territories, so undermining
livestock management systems of transhumance and coping mechanisms.

The paper contributes to the land tenure discourse by providing empirical evidence and
comparative analysis to deepen our understanding of the challenges of land tenure transformation
on pastoralism in SSA. Many of the issues identified in our case study relate to those identified in
the systematic review. However, owing to its unique ecological and socio-cultural variation and
abundant wildlife, the case study area presents new land management issues and challenges such
as the uncontrollable livestock diseases especially FMD. Human-wildlife conflicts and the increasing
demand for game ranches (including the conversion of some livestock ranches to game ranches) has
introduced complexity in solving the land tenure problem. Control of diseases in the diminished and
crowded communal lands has proved to be problematic despite efforts made through the creation
of veterinary cordon fences and vaccination campaigns. As a result, markets are severely restricted
putting pressure on communal pasture resources as there is no offtake. The complexities in resource
management policies and stakeholder/actors interests and priorities also come to play.

Analysts agree that no one range management intervention can be recommended as a ‘blanket
solution’ in pastoral areas, but rather adaptive management and flexible decision making through
learning, stakeholder engagement and a bottom-up approach are necessary prerequisites for
sustainability. Protecting pastoral land rights and migratory corridors requires deliberate policy
interventions that recognises pastoralism as a productive and efficient use of resources. Land use
planning should support and provide for economic mobility for pastoralists. The spatial relationship
between local communities and the natural environment in which they make their living is often
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poorly understood and misrepresented in rangeland policies. Geospatial technologies such as
Geographic Information Systems (GIS) have the potential to become an information technology
enabling decision makers in pastoral areas to sustainably plan and monitor pastoral regions and
pastoralists spatiotemporal land rights [50]. Spatiotemporal land rights in this case entails pastoralists
seasonal movements, distance that pastoralists travel and areas covered. Moreover, policymakers
and government land managers need to reorient relationship with pastoralists so as to overcome
anti-pastoral prejudice and focus on Sustainable Land Management goals in communal areas by
establishing participatory negotiating and flexible frameworks that strengthen local communities’
participation in decision-making arenas by working with pastoral communities on the basis of
understanding their livelihood system. There is a need for an appropriate communication programme
in pastoral areas where key stakeholders including those that represent pastoralists will share
information about pastoral system functionality including mutual understanding of strategic choices
for conservation and sustainable use.
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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, nomadic1

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 State2 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 km2, hosts 1.4 million people, divided over
112 sub-clans3, 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

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

2 Ethiopia is administratively divided into regional states and chartered cities, zones, woredas (districts) and kebeles (wards).
3 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].

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.

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 × 200 m2 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)4 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; R2) 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 + 0.01X2 (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 1.4
Dense shrub-land 0.3

Open shrub land (Open bush shrub land) 0.8
Open woodland 0.9

Wooded grassland shrub bed 1.5
Riparian wood/shrub land/bush-land 0.5

 
Figure 3. Afar Land Use Map (scale 1:5,500,000).
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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 source5. 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_CSA03_scale We observe that the scaled CSA03 data (TLU_CSA03_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_CSA03, 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.

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] Zone 1, 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

5 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.

 

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 CSA03 data against REGA08 (Figures A1–A5, panels A1, B1, C1, D1 and E1), CSA03 against
REGA13 (Figures A1–A5, panels A2, B2, C2, D2 and E2) and REGA08 against REGA13 (Figures A1–A5,
panels A3, B3, C3, D3 and E3). Figure A1, 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 A1, 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 CSA03 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 corresponding6 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.
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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, let subscripts i = 1, ..., I and r = 1, ..., R denote home and destination areas of sub-clans,
respectively and variable xit 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:

xr’t’ = Mr’t’,itxit

where M is a square transition matrix of dimension IT × RT with elements mr’t’,it representing fraction
of total herd size (xit) expressed in TLU that moves to r’t’ with diagonal elements 1 − ∑it mr′t′ ,it,
one minus column sum of non-diagonal elements, accounting for remaining herd share at sub-clan
area. Information on mr’t’,it, 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.

(a) (b) 

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)

 
(a) (b) 

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.

 
(a) (b) (c) (d) 

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

 
(a) (b) (c) (d) 

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.

(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).

(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.

Figure 12. Ratio of livestock demand over fodder supply after migration (scale 1:7,200,000).
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a b c d 

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.

 

Figure 15. Results of sensitivity analysis. Ratio feed demand over supply for ’Best’, ‘Baseline’ and
‘Worst’ scenario.
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a b c 

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

 

a b c 

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.

230



Land 2017, 6, 82

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 A1), 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 REGA08 (panels A1, B1, C1, D1 and E1),
CSA03 against REGA13 (panels A2, B2, C2, D2 and E2) and REGA08 against REGA13 (panels A3, B3,
C3, D3 and E3).
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A1 

A2 

Figure A1. Cont.
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A3 

Figure A1. Scatter plots of relative number of heads for camels (A1–A3).

B1 

Figure A2. Cont.
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B3 

B2 

Figure A2. Scatter plots of relative number of heads for cattle (B1–B3).
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C1 

C2 

Figure A3. Cont.
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C3 

Figure A3. Scatter plots of relative number of heads for equine (C1–C3).

 

D1 

Figure A4. Cont.
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D2 

D3 

Figure A4. Scatter plots of relative number of heads for goats and sheep (D1–D3).
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E1 

E2 

Figure A5. Cont.
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E3 

Figure A5. Scatter plots of relative number of heads for TLU (E1–E3).
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Abstract: Berenty Reserve, a fully protected gallery forest beside the Mandrare River is renowned for
its lemurs, but the continuous canopy of the main forest is shrinking, fragmenting and degrading.
The aim of this study, before any restoration can be considered, is to investigate why canopy-cover is
declining and define the forest’s vegetation status and composition. Our study includes analysis of
tamarind age (the dominant species) and regeneration, forest extent, climate and soil. Measurement
of trunk circumference and annual rings indicated a median age of 190 years, near the accepted
maximum for tamarinds. There is no regeneration of tamarind seedlings under the canopy and
an invasive vine, Cissus quadrangularis suffocates any regeneration on the forest margins. A vegetation
survey, based on fifteen transects, broadly characterized three forest areas: continuous canopy near
the river, transitional canopy with fewer tall trees, and degraded dryland; the survey also provided
a list of the 18 most common tree species. Ring counts of flood-damaged roots combined with
measurement to the riverbank show that erosion rates, up to 19.5 cm/year, are not an immediate
threat to forest extent. The highly variable climate shows no trend and analysis of forest soil indicates
compatibility with plant growth.

Keywords: degrading; tamarind age; regeneration; invasive vine; vegetation survey; erosion

1. Introduction

Madagascar is one of the richest countries on Earth in terms of biodiversity, endemism and range
of habitats, but the combination of a rapidly growing human population coupled with extreme poverty
constitutes a serious threat to its uniquely diverse flora and fauna. In the dry south, with the highest
percentage of endemic plants on the island, forests are burnt for charcoal production, planted with
maize or sisal or degraded by cattle pasturing [1]. Much has been written about the need for
conservation [2–4], but there have been few surveys of the dryland vegetation [5] and little is known
concerning the growth requirements of the local species. There is no information on successional
patterns [6] or which species could be termed pioneer or climax and, excluding one reforestation
project on the southwestern side of Madagascar focused on planting eucalyptus and tamarind trees for
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local use [7], regeneration of a gallery forest aiming at re-establishing its structure, productivity and
species diversity has, to the authors’ knowledge, never been attempted.

Gallery forests form as corridors along rivers or wetlands running through arid or semi-arid
landscapes. The riparian zone offers fertile alluvial soil, a more reliable water supply at depth and
better drainage than is available to the vegetation beyond the immediate river valley. As a result,
the boundary between the gallery forest and the surrounding woodland or grassland is usually abrupt,
with an ecotone only a few metres wide, as is the case at Berenty Private Reserve.

The reserve, embracing patches of forest on the banks of the Mandrare River and famous
for its lemurs, is among the very few remaining securely protected gallery forests in southern
Madagascar. However, since the 1980s researchers have noticed that the canopy of the dominant
species, Tamarindus indica (tamarind), has been fragmenting and shrinking [8]: this is of particular
concern since tamarinds are a keystone resource for lemurs. That the forest exists at all and has not
been lost, as have most other gallery forests in Madagascar, is due to the foresight of the de Heaulme
family, who set the forest aside as a conservation area 80 years ago and have protected it ever since.
Although only 330 ha in area, the reserve has an importance far beyond its size: studies of its six species
of lemur have been ongoing for the last 50 years and as a centre for eco-tourism and student education
it has a preeminent position in spreading knowledge of this fragile, unique and potentially vanishing
ecosystem [9].

Previous studies have shown that the main forest area, Malaza, includes at least three different
vegetation zones [10], which can be further subdivided into six vegetation types [8]. Maps of the zones
produced in 1973 and 1995 show that in 1973 the continuous canopy gallery forest formed a belt about
250 m at its deepest mainly along the western section of the Malaza riverbank, with patchy cover along
the bank to the east. The south-east side is more open with occasional large trees surrounded by grass,
scrub and thorny thickets. By 1995, the dense tamarinds near the river showed a 25% decrease in
canopy cover, with the more open areas expanding. Fire is a minor problem; three small patches were
set alight in Malaza, one east of the central north-south trail in 1998 and the other two on the western
edge of the same trail in 2006, all were quickly extinguished by watchful guardians and reserve staff.

This present study sets out to provide a background for forest restoration. Several restoration
methods have been developed and most approaches involve planting tree seedlings, but many tree
planting projects fail, due to the planting of inappropriate species, inadequate planting techniques and
post-planting maintenance regimes, particularly when using native tree species about which little is
known. Although most of these applications have been in humid tropical zones, some of the lessons
learned can be carried over to dryland reforestation: principally, investigation of the reasons for
forest degradation, the importance of a preliminary survey of the target forest and the advisability of
an initial planting program to trial different cultivation practices [11]. The first two of these reasons
are the main objects of this study: an investigation of the reasons for forest decline and a vegetation
survey to assess the existing balance of species in the gallery forest and identify what intervention
may be needed to support or accelerate regeneration. The long-term aim is to arrest the decline of
the continuous canopy forest and restore biodiversity levels to those typical of the remaining forest
fragments, thus conserving key resources for the lemurs and other endangered fauna.

2. Methods and Materials

2.1. Study Area

Berenty lies 25 km from the southern coast (25◦00′ 35.50◦18′ 28.50 E) and west of the coastal range
in a relative rain shadow with average annual precipitation of 500 mm (Figure 1). Cyclones affecting
southern Madagascar occur intermittently [12], but the forest structure, with an approximately uniform
canopy height and the deep taproots of the tamarinds, is well adapted to resist cyclone events.
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Figure 1. Precipitation map with isohytes (mm), with inset of Berenty precipitation data: note the exceptional
flood in 1971. Data courtesy of Mr Rakotomalala, Berenty.

There are three main forest areas in the reserve, Malaza, Ankoba and Bealoka, and each have
different management histories [13]: Malaza, covering approximately 100 ha is located on the floodplain
on an outside bend of the Mandrare River where grazing has been excluded since 1936. A 10 m high
ancient river terrace backed by spiny forest defines part of its southern boundary (Figure 2).

Figure 2. Generalised north-south cross section of Malaza forest showing the river at average annual
low-flow, bank-side growth of reeds (Phragmites mauritianus) on a lower terrace frequently eroded by
floods, height of intermittent high floods (in 1971 up to 1.5 m above forest floor) and an upper, ancient
terrace rising up to 10 m above the gallery forest floodplain.

Tourist amenities and fields encompass the remaining perimeter. Dry ancient river channels and
sandbars dissect the forest floor. Tree cover within the forest varies from dense tamarind forest, at its
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densest along the riverbank, to open scrub and grassland interspersed with impenetrable thickets of
thorny scrub, with Capparis sepiaria and Azima tetracantha among the most common. Plant species
beginning to invade the open areas include Agave sisalana and Opuntia monacantha [14], used as
a defence to keep cattle out of the reserve, but the most prolific invasive species is the succulent
African vine, Cissus quadrangularis, growing wherever there is sunlight, climbing in great suffocating
waves to the tops of isolated trees.

Ankoba, joined by a forest corridor to Malaza, is a 15 ha patch of mature secondary-growth forest.
It was originally farmed by the locals and then used as a sisal nursery. In the 1950s it was allowed to
revert to forest, with the addition of exotic Pithecellobium dulce [15] (p. 34). Bealoka, where grazing has
been excluded since 1985, lies 4.5 km to the northwest and covers around 110 hectares. It is separated
from Ankoba by Berenty village and sisal fields. Not included in this study are Rapily/Analalava,
a 60 ha disjointed strip of spiny forest south of Malaza and Anaramalangy, a 45 ha patch east of
Malaza once abandoned to Cissus, but now being cleared.

2.2. Objectives

The field work has three main objectives: the first is to establish why the forest is shrinking;
the second is to carry out a vegetation survey, including names of the most common trees for
eventual restoration, and the third is to investigate riverbank erosion rates to determine if the forest
riverside margin is threatened. A further objective is an analysis of the soil composition across
the Malaza floodplain, since for any eventual forest restoration an understanding of the organic,
mineralogical, pH and moisture content of the soils is essential.

2.3. Tree Age

A random sample of 48 trunk circumferences was measured in Malaza and Ankoba at 95 cm
height; eleven stem cores were taken, at the same height, with a 10 mm increment-boring tool. Only
three of the cores reached the central pith due to exceptional wood hardness (we broke two boring
tools). The cores were dried, mounted and fine-polished until the annual ring widths were clearly
visible. Ring widths were measured using the LINTAB system and TSAP-Win software [16,17]. To find
tree age in the reserve, tamarind circumference measurements were converted to radii and each radius
divided by the average ring-width value. This provides tree age above the coring position; to find true
age, years of growth below the core must be added to the ring count: a mean growth rate was derived
from nine seedlings and saplings from 3 to 337 cm tall, aged one to 18 years, taken from a range of
environments across the reserve.

2.4. Vegetation Survey

The main vegetation areas were surveyed using the rapid site assessment approach for
data collection recommended by Elliott et al. [18] (pp. 72–77; 124). The procedure, defining five stages
outlining the health of a forest, is designed as a broad-brush approach for assessing levels of forest
degradation to aid the determination of the most suitable restoration strategy. However, the five
stages are designed for the analysis of forests that have suffered most from human intervention.
At Berenty, Malaza the main forest, has been protected from outside disturbance since the 1930s and
thus the decline in forest cover here may mainly be due to natural causes and only the first three of
Elliott’s stages were considered relevant. Saplings and small trees, under 30 cm girth but over 50 cm
tall, are termed ‘regenerants’ by Elliott et al. [18] (p. 72):

• Stage 1: at least 25 regenerants per circle, few shrubs and grasses and a high number of tree seedlings.
• Stage 2: at least 25 regenerants per circle, a moderate to low cover of shrubs and tree cover

that is frequently insufficient to shade out the grasses. Large-tree numbers are declining as are
seedling numbers.

246



Land 2018, 7, 8

• Stage 3: fewer than 25 regenerants per circle, shrubs and grasses dominate, large trees are rare
and seedling numbers are greatly reduced.

The vegetation survey was based on transects laid out on set compass bearings, with 10 m
diameter circles established every 25 m. To avoid edge effects [19], wherever possible circles were
initiated 20 m from any trail or path. The circles were defined using 5 m lengths of cord attached to
a central pole. We aimed to include 10 circles per transect (i.e., 250 m), but a number of transects were
shorter due to the thorny impenetrability of the undergrowth.

Within each circle, as well as regenerants, we recorded the number of trees with stems over 30 cm
girth at breast height (large trees) and numbers of seedlings under 30 cm tall. Tamarind seedlings were
counted separately as these have been of particular interest in previous studies [9,20]. Lianas and vines
were classified as few, moderate or many (0–4; 5–9; 10<). The percent cover of shrubs and grasses was
estimated as low, moderate or high, with their measured height range, and the percent cover of bare
soil and numbers of dead trees. The short transect, T2, following a line of dead trees was included to
see if this made a difference as regards forest growth.

2.5. Riverbank Erosion and Roots

The extent of canopy cover could also be threatened by riverbank erosion (Figure 3).

 

Figure 3. Bank-side tamarind roots exposed by floods at Ankoba. Flood dates and rates of erosion
can be estimated from anatomical changes in roots damaged by catastrophic flooding.

Incipient bank erosion can be dated from the year root cells become more stem-like with smaller
and more densely packed thicker cell walls, providing more rigid support (Figure 4) [21]. Sections
cut from damaged roots similarly provide a date for exposure, with this defined by the ring dating
the year of damage [22]. Average annual erosion rates were calculated by dividing the distance from
the damaged root to the eroded bank by the number of years since damage occurred.

Fifteen damaged roots were sectioned and dried in the sun, fine-polished in the laboratory and
examined under a microscope, with a camera attachment for details and a high-resolution scanner
used to view whole sections. This is an important necessity since annual rings may only be seen in
part of a section due to trauma or wound callusing and may be eccentric in relation to root centres.
Micro-sections were cut from some of the roots using a GSL1 microtome [23].
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Figure 4. Root micro-section tamarind root sample from the eastern end of the Malaza riverbank.
Structural changes due to gradual exposure: (a) Common root structure; (b) First structural change:
root potentially close to the surface but not exposed; (c) Second structural change, root fully exposed.

2.6. Soil Analysis and Leaf Identification

A total of twenty-four soil samples were taken, at 25 cm below leaf litter, from the transects and also
from the river bank, mid-forest and in the degraded area. These were analyzed in Oxford to provide
information on the suitability of the forest soil for seedling transplantation. For chemical analysis,
a Dionex IC DX500 Chromatograph was used for determination of organic and inorganic ions using
1 g soil in 100 mL water. Iron was analysed using atomic spectroscopy, with 2 g in 10 mL EDTA 0.05 m.
The organic content was calculated using the loss on ignition (LOI) method, with a sample size of 2 g
dry weight and exposure time of 5 h at 550 ◦C [24]. A Malvern Master-sizer 2000, with the programme
Gradistat, was used for soil particle size analysis [25]. Three soil samples were taken, also at 25 cm
depth, to provide moisture measurements.

Identification of tree species was a priority. Specimens of each species were collected and dried
and given their local names on site by the chief forest guardian Mr Remanonja, while Latin names
were provided by Professor Rasamimanana. The specimens were then compared with a photographic
collection left by a previous researcher. Specimens were mounted in a book and given to botanists at
the Kew Madagascar Conservation Centre in Antananarivo for future reference and a photographic
record was sent to botanists at the Muséum National d’Histoire Naturelle (MNHN) in Paris.

3. Results

3.1. Tree Age and Regeneration

Tree ages was derived from a combination of two values: an average core ring-width measurement
of 0.225 cm, with this value agreeing with that obtained from a nine-year direct growth study [26],
and an average value of five years extrapolated from a mean growth rate of 18.7 cm/year, below coring
height. A histogram of the age structure of the tamarinds shows that two of the trees from Ankoba,
at the lowest end of the distribution, are 54 and 67 years old, while the central cohort sampled in
Malaza is aged between 154 and 226 years, with a median age of 190 years (Figure 5); the four trees
in the upper range are aged from 323–405 years. On the forest floor, there are large numbers of
one-year-old tamarind seedlings, but no young saplings: this does not, however, extend to lower
canopy species, which regenerate plentifully under tamarinds.
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Figure 5. Tamarind tree age in Ankoba and Malaza. Note that exceptionally advantaged trees can attain
ages between 300–400 years; whereas the usually accepted age is 200 years. 190* is the median age in
Malaza of the central cohort (154–226 years).

3.2. Vegetation Survey

Figure 6 shows the positions of the transects carried out in 2014, together with the outlines of
the 1973 vegetation zones, as drawn by Blumenfeld-Jones [8] (p. 73), superimposed over a Google
Earth June 2013 view of the forest. Comparison of the 1973 zones with the 2013 vegetation suggests
that, at the scale of the 2013 satellite view, zone 1 appears relatively unchanged, despite the 25%
decrease in canopy cover described by Blumenfeld-Jones [8] (p. 81); by 2013 half of zone 2, and large
areas of 3 and X have fragmented together with the southern end of zone 4. Zone 5 has expanded
north into zone 4 and into the smaller zone 3 areas, with almost no big trees and an extensive cover of
shrubs, vines and grasses.

The positions of the three areas burnt in 1998 and 2006 show that the vegetation has to some
extent regenerated over the interval, with the scar left by the 1998 fire reduced in size (it formerly
covered almost a hectare), the small 2006 fire nearest the river is recovering and only the 2006 fire in
the centre of the forest is still open.

In Table 1, the transects, listed in descending order of the average number of large plus small
(regenerant) trees, illustrate the three stages defining the health of the forest [18]. Regeneration is at its
highest under the continuous canopy of stage 1, apart from an extraordinary number of small trees in
T9, an old riverbed. Average small tree numbers are reduced under the stage 2 canopy, but the ratio
of small to large trees is at its highest, with this signaling the transitional character of the vegetation,
while shrub and grass cover is mostly in the low to moderate range. In stage 3 transects, the low ratio
between small and large trees and their overall low numbers highlights the degraded character of
the area, with shrub and grass cover moderate to high.
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Figure 6. View of Ankoba and Malaza with the river at low water. The red lines show the positions of
the vegetation zones as defined in 1973. The 2014 transects are numbered and dates mark the locations
of the 1998 and 2006 burns. The ‘dogleg’ transect, T3, crosses the riverside trail where it touches
the riverbank.
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Comparison of the average number of seedlings in each of the three stages is also indicative of
stage: highest in stage 1 areas, including T2, where a line of acacia trees was blown down in a wind
storm in 1999 [27] and lowest in the degraded open dryland. In stage 2, the T9 riverbed is again
an exception with an extraordinary number of seedlings of all species, but otherwise seedling numbers
are variable. The average tamarind seedling numbers are generally moderate to low in the other stages.
Of note is that despite the eight years difference between the two burns, covered by transects T13 and
T16, they contain closely similar seedling counts, with only one tamarind seedling in T13 and none in
T16. Grass and shrub cover is least in stage 1 but variable elsewhere, while percentages of bare soil
follow no pattern.

Figure 7 presents the data as a graph showing averages of both small and large trees declining
across the stages, as expected given the sampling criteria. Shrub and grass cover under the dense
canopy of stage 1 is low as is shrub cover for half of the transitional stage 2, although the presence
of grass here is highly variable. In stage 3, shrubs and grasses (mainly Panicum maximum) dominate.
The incidence of dead trees, peaking in T2 and T10, is also highly variable showing no pattern.
Vines and lianas could not be quantified due to sampling difficulties.
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Figure 7. Graph of the data from Table 1 showing the inter-relationship of the six main factors across
the three stages.

In Table 2, species are listed in descending order of percent occurrence in all transects in each
vegetation type: continuous canopy, transitional and dryland. Other species are doubtless present,
but are insufficiently common to occur in any of the transects (for example, there are a number of
Ficus spp. found elsewhere in Malaza). The single record of Cordia caffra (a native from mainland
Africa) suggests that the species is not yet a threat to the mainly endemic tree population in the forest
and probably never will be since the presence of large specimens in the tourist precinct imply that
the species has been in the area for some time. Table 2 also shows that Euphorbia does not grow under
the continuous canopy and that Salvadora angustifolia is the only one of the listed species to grow solely
in the dryland area. Not shown in the table, but also growing in the dryland, are several species from
the spiny forest including sisal (Agave sisalana) from the nearby fields and a thick growth of tall grasses,
thriving even beside the narrower trails wherever there are openings letting in light.
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Table 2. Transect tree species classified according to habit and habitat. Short transects are highlighted.

Transect (T) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

DRYLAND STAGE 1 STAGE 2 STAGE 3 %
Enterospermum* x x x x x x x x x x x x x x 7

Strychnos madagascariensis x x x x x x x x x x x x x 7
Euphorbia* x x x x x x x x x 5

Hazunta modesta x x x x x x x x x 5
Grewia* x x x x x x x 4

Salvadora angustifolia x x x x 2
LOWER CANOPY

Celtis philippensis x x x x x x x x x x x x x x x x 8
Rinorea greveana x x x x x x x x x x x x x x x x 8
Crataeva excelsa x x x x x x x x x x x x x x x x 8

Quisivianthe papinae x x x x x x x x x x x x x x 7
Celtis bifida x x x x x x x x x x x 6

Rubiaceae sp. ** x x x x x x x x x x x 6
Tricalysia sp. ** x x x x x x x 4

Celtis gomphophylla x x 1
Cordia caffra x -

UPPER CANOPY
Tamarindus indica ** x x x x x x x x x x x x x x 7

Albizia polyphilla x x x x x x x x x x x 6
Neotina isoneura x x x x x x x x x x 5
Acacia rovumae x x x x x x x x x 5

TOTAL SPECIES
Dryland species 3 3 1 4 4 3 4 4 3 4 3 6 4 4 5 1
Lower canopy 7 7 8 7 5 5 6 5 4 4 6 7 4 6 5 7
Upper canopy 4 3 4 4 3 2 4 1 1 4 3 2 2 4 3 1

AVERAGE spp./circle 1.4 3.2 1.3 1.5 1.2 1.6 1.4 3.3 2.0 2.4 1.2 1.5 1.1 1.4 1.3 4.5

Average canopy height: dryland—10 m; lower canopy—12 m; upper canopy—20 m. * At least two species; ** Species
that are native but probably not endemic; -Cordia caffra is non-native and should not be planted in forest; %Guide as
to the relative percentage of species to plant to approximate the distribution of species in the natural; ecosystem

3.3. Riverbank Erosion

Root section ring counts show damage in three main flood years since 1998 (Figure 8). According to
root damage, the bank towards the northern end of Ankoba is the most threatened, with maximum
projected erosion of 19.5 cm/year, while on the Malaza bank erosion averages between 6 and 9 cm/year
(Figure 9)

 

Figure 8. Tamarind root section from the Ankoba riverbank. The section shows changes in structure
from root to stem-type cells after the damage that occurred in the 1998 flood (Figure 9) when the root
was first exposed to the air and subsequently during the floods of 2005 and 2007.
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Figure 9. Berenty Reserve with the Mandrare river at low water and the range of different bank profiles
with dated flood heights: 1971 was the highest flood on record. The local people practice transient
cultivation on inside channels and bends.

3.4. Soil Analysis

The soils in Malaza can be divided into four domains (Figure 10): riverbank, south, centre-east
and west. Near the river, the average sand percentage compared with silt is high and clay is low (73.1%,
25.5%, 1.4%). In two widely separated sites, one within 250 m of the river (T12) and the other near
the southern margin in the open area east of the central trail (S3), the sand content is almost twice that
of silt, and clay is moderately increased compared with the riverbank (62%, 36%, 2%). In the centre
of Malaza, the sand to silt ratio is nearly even and the clay percentage is raised (49.5%, 47.5%, 3%),
while on the west side of the forest the percentage of sand is reduced and silt predominates, with clay
remaining the same as in the centre (40%, 57%, 3%).

The organic content of the soil averages 12%, with the notable exception of 38% at T9 in the old river
channel running beside the central trail where leaf litter is particularly deep; here, as a consequence of
the high organic content, cation values are high compared with the other transects influencing the soil’s
ability to hold onto essential nutrients [28]. Elsewhere anion values are variable from a low of 62 ppm in
T11, a dry channel in Bealoka, to 1110 ppm at the start of T3 in Malaza. Other raised values are found in
transects T5 and T16.

Levels of salinity are well below concentrations that could reduce growth. They are highest on
the riverbank, T3, at 53.3 ppm and T7, at 45.4 ppm. Elsewhere they are within the range 23–43 ppm.
Phosphorous at T16 is high (336 ppm compared with an average elsewhere of 55 ppm), with an anomalous
pH of 4.4. At all other transects pH values are approximately neutral ranging from 6.5 to 7.6, with most
nutrients optimally available and a range highly compatible with plant growth.
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Figure 10. Soil sampling sites: The T samples are from the 2014 transects and the S1–S3 sites included
soil moisture measurements.

Soil readings from T16, the small burnt patch, show an exceptionally low pH and a high phosphate
and iron content, with this suggesting that the sample could contain urine; nevertheless, the high
average number of tree species on the site, with as yet no upper canopy species, imply that this area is
as suitable for seedlings as elsewhere.

Soil moisture measurements show that the driest site is near the river under the continuous
canopy at S1, with high sand content. At S2, mid-forest where there was more silt than sand, moisture
was over twice that of S1, while S3 showed highly variable results.

4. Discussion

4.1. Tamarind Age and Regeneration

The young ages of 54 and 67 years of the two trees from Ankoba are consistent with the known
age of this secondary forest. However, the four trees between 329 and 405 years old (Figure 5) are
a surprise, since the generally accepted age for tamarinds is 200 years. Evidently, these trees are
growing in exceptionally advantageous locations. The oldest, growing on the edge of a large clearing
in Ankoba, which measured 28 m tall, died in 2010 (Alison Jolly personal communication).

Blumenfeld-Jones [8], who detailed canopy changes over a 22-year period (1973–1995), suggests
that the whole forest may be in transition to a dryer forest type, with the pattern of change in vegetation
boundaries along the eastern section of the riverbank reflecting the overall drying of the forest due to
changing dynamics of the river. However, our study of riverbank erosion rates reveals that there have

255



Land 2018, 7, 8

been only small changes over the period, hence changes in river dynamics are unlikely to have
affected the forest. Climate change might be implicated, but the precipitation data (Figure 1) show no
trend, with droughts or floods occurring every few years, although warming temperatures may have
contributed to drying.

Blumenfeld-Jones also carried out an extensive study of tamarind regeneration [8] (pp. 69–85),
she found almost no tamarind seedlings (between 1–2 m tall) growing less than 15 m from large
tamarinds and none in canopy gaps around dead tamarinds. She also found that tamarind abundance
was uncorrelated with canopy cover or soil type and that young trees tended to grow in clusters in all
forest types especially along the sides of the wider trails. Overall, she concludes that young tamarinds
mostly survive in scattered patches not already overhung by mature tamarinds: this confirms our
findings. The lack of tamarind saplings under mature trees suggests either a toxic effect [29–31] or
some other negative plant–soil feedback [32].

Measurement of tamarind annual ring widths revealed widely differing patterns making
comparison impossible; hence, neither age decline in ring-width nor climate-related trends could be
determined due to ring eccentricity, a common growth feature of older tamarinds.

4.2. Cissus Quadrangularis, Pests and Pathogens

Cissus is a major problem in the reserve, stifling regeneration especially on the margins of the dense
canopy [33,34]. There is no record of when Cissus originally arrived in Berenty; evidently it was well
established by 1983 when a program of vine clearance was initiated, following which tree growth was
found to improve [35]. Nevertheless by 2007, Cissus was widespread covering between 50% to 60% of
Malaza [15], with this being particularly a problem for regeneration around dense canopy margins
and wherever trees are dead or dying and there is full sunlight.

Pests and pathogens, particularly insects and fungi, form a vital part of the ecosystem in any
forest [36], but at Berenty there are no obvious signs that they are causing forest decline; although
the leaves of individual trees are frequently mined by insects, termites favour the smooth bark of
Neotina and dying tamarinds are often associated with Phellinus adamantinus. This last is a species
of wood-rot fungus identified for us by Leif Ryvarden (Botanical Institute University of Oslo) who
affirmed that it is not usually pathogenic on living trees.

4.3. Climate

There are no local records of historical temperatures, but meteorological data from Taolagnaro
(Fort Dauphin) indicate that since the 1950s annual temperatures have increased by 0.2 ◦C [37].
This small increase, together with highly variable local rainfall since the 1980s (Figure 1), suggests that
if changes in forest cover are climate-related they are more likely linked to vegetation distribution and
microclimatic variations than to any changes in regional climate.

River and water table levels vary seasonally and floods are likely to be important in the life cycle of
the trees [38]. One of the growth variables for a riverine climate is distance from the river, with riverside
vegetation providing shade, evapotranspiration and humid air that, cooling the microclimate, contrasts
with the hot dry air over the open areas, the fields and the spiny forest fragments on Malaza’s
southern and eastern margins. In flood years the river can top its banks and flow over a meter
deep across the forest floor (Figures 2 and 9) and although recurrent droughts can be disastrous for
lemurs [13], droughts in terms of gallery forest survival are normal. In order to survive, many of
the tree species have deep taproots, so that even when the river dries completely their roots can reach
the saturated zone below the water table [39].

4.4. Growth Variables

Gallery forests survive as spatial and temporal mosaics at different successional stages,
with complex inter-related patterns of cause and effect closely related to micro-environmental
variations. The short transect of T2 was included to see if a line of dead trees made a difference
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to regeneration, but although Capparis sepiaria grows around the dead trunks, growth elsewhere is
similar to that in the other stage 1 transects. Otherwise, growth variations are likely to be linked to
minor topographic features, for although the forest floor is generally characterised as flat (Figure 2),
former river-channels and sandbars have left numerous dips and gentle rises in the floodplain.
These channels, containing more leaf-litter than elsewhere will, during high floods, retain moisture for
longer than the flatter surroundings providing favourable seedbeds for species regeneration. This is
illustrated by the high numbers of seedlings and saplings and few large trees in the T9 channel bed,
with this strongly suggesting more frequent floods over recent decades than formerly (Figure 1).
Growth in transect T15 along the other old channel further from the river does not appear to have been
similarly advantaged.

An additional variable is provided on the western forest boundary by the planting of exotic
species to provide cooling shade around the tourist facilities. The presence of this shelterbelt may be
one reason why the neighbouring forest can be placed in stage 2 and has not declined to stage 3.

The 3–4 m wide forest trails may also be affecting the microclimate: Rambeloarivony and Jolly [13]
remark that temperatures are noticeably higher by the wider trails than in the surrounding forest.
In general, wherever the continuous canopy remains intact and 1 m wide trails through the forest are
narrow and shaded, the penetration of hot air and light is reduced and vines, shrubs and grasses are
largely excluded, but wide trails by providing channels for hot air may hasten forest fragmentation [40].

The generally high species presence in each transect, especially lower canopy species (Table 2),
suggests that Malaza, left to regenerate on its own with the only intervention being Cissus removal,
might eventually recover, but with a warming climate and under the pressure of drying as ageing trees
die this could be a race against time.

4.5. Limitations

The choice of where to place transect lines and their lengths was partly controlled by the nature
of the undergrowth; wide-scale clearance of prickly shrubs and strangling vines was impractical and
thus the representation of the forest as a total ecosystem is incomplete.

Counts of the numbers of young trees in sampling circles were complicated by the growth of
multiple stems in ‘clumps’ so that it was unclear if the stems were individual trees or shoots from
a single initial stem. We counted all stems, but this could be a mistake since lemurs also eat seedling
leaves possibly stimulating new shoots from the root-collar, with this subsequently buried by leaf litter
and hidden by the expansion of the root system. The raised count of small trees in T1 may be due to
this effect, but the similarities with the assessment data in the other stage 1 transects indicate that
the findings are otherwise reasonably representative.

In Table 1, the addition of standard deviations shows the high degree of variability within transects.
There was also high variability between circles in shrub and grass cover, but no standard deviations
are given because it was impossible to provide realistic percentages due to patchy grass cover and
the aerial cover of vines and lianas being often much greater than their ground cover.

A simple count of tamarind seedlings (Table 1) does not include seedling age; the limited size of
seedlings suggests that they seldom thrive beyond a year (Figure 3), with this due to an unidentified
negative effect. Whatever the cause, the death of tamarind seedlings under the dense canopy has
implications for succession.

Cissus distribution is under-represented in the data. Although it was recorded wherever
it occurred in the transects, we were unable to penetrate the heavily invaded areas and thus
the data presented in Table 1, especially in stage 3 areas, do not give a true picture of its prevalence
and for that reason Cissus is not included in Figure 7. Bare soil was also excluded as a factor of minor
importance in Malaza.

Table 2 only shows the presence or absence of species, not their frequencies in each transect. Hence,
to some extent this masks differences in forest character. For example, in Bealoka species diversity
is similar to that in Malaza at T1 (excluding Neotina and Celtis bifida), but possibly due to grazing
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history, trees are more widely spaced resulting in this transect being placed at the lower limit of stage 2
(Table 1). The main difference is that in the Malaza bank-side forest mature tamarinds predominate
compared with T4 in Ankoba and T11 in Bealoka where canopies are more open. However, the high
number of tamarind seedlings in Bealoka suggests that, if this forest remains protected and is kept
clear of Cissus, a continuous tamarind canopy might develop in time, with this signaled by the growth
of tamarind saplings.

We classified tree growth in Table 2 as dryland, lower and upper canopy rather than ‘’pioneer”
and ‘’climax” as recommended by Elliott et al. [18] (p. 46) since there is no information on the growth
characteristics of the endemic species of the region. Hence, our definitions apply to habit and habitat
rather than species position in succession.

4.6. Future Intervention and Work

In Malaza and Bealoka, the de Heaulme family have already established a programme of
systematic clearance of Cissus quadrangularis, with work starting from Cissus-free areas and working
towards the more infested areas. Cissus requires light and does not grow under a dense canopy.
However, even in the ‘clean’ areas, these forests will need to be regularly searched to remove any new
invasions since Cissus can re-sprout from the smallest fragments. In the long term, the battle can only
be won by persistent clearance and the planting of trees to out-shade the vine.

Minimum intervention termed “accelerated natural regeneration” by Elliott et al. [18] (pp. 118–123)
in stage 2 areas, could include weeding of grasses and clearance of competing shrubs. The list in Table 2
suggests areas where species are missing that could benefit from addition of seedlings. For example,
tamarind (in T8), Neotina (T6, T7, T9, T10) and Acacia (T5, T6, T8, T9, T10). A further intervention that
could moderate hot air invasion in Malaza could be to plant upper canopy species where these are
lacking to shade the wider trails.

Other topics for future work could include a comparison of temperature differences beside wide
and narrow trails in relation to vegetation and a controlled nursery study of the reasons for tamarind
seedling inhibition under the tamarind canopy; measurement of seedling growth in the nurseries;
and, if feasible, regular measurement of water table levels in the nursery water well for comparison
with the precipitation data gathered at Berenty; and finally a more extensive survey of the forest’s tree
species and continuation of the specimen collection for future reference.

Large-scale reforestation in the degraded areas should be proceeded by an experimental planting
trial lasting at least three years to investigate optimum planting distances and growing conditions,
species inter-relationships and soil conditions for the native trees [18]. For the planting trial and
eventual reforestation, two tree nurseries have been established with enough space to propagate
tree seedlings: Table 2 provides guidelines as to the approximate percentages of seedlings to plant
for reforestation.

5. Summarizing Remarks

Our 2014 survey enabled us to divide the forest into three vegetative stages: continuous canopy,
transitional canopy and open dryland. The decline in forest canopy cover in Malaza, although largely
protected from human interference, results from a combination of three major factors: senescence of
tamarind, the dominant tree species; a lack of its regeneration under the canopy; and the invasion in
open spaces of the exotic vine, Cissus quadrangularis.

• Firstly, almost 50% of the tamarinds in Malaza are nearing the accepted 200-year life span of
the species, although this study finds that exceptionally advantaged specimens can live twice as
long (Figure 5).

• Secondly, the loss of ageing tamarinds and lack of tamarind regeneration under the continuous
canopy will lead to changes in vegetation character. Either lower-canopy species will predominate,
with Neotina, Acacia, Albitzia and the occasional surviving tamarind providing a thin upper canopy
(as in our Stage 2 zone); or
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• thirdly, wherever there are large sunlit gaps Cissus will invade and overwhelm all seedlings and
young trees, as is currently occurring in stage 3 areas and increasingly in stage 2 (Figure 6).

Table 1 illustrates the decline in canopy cover (average large plus small trees) across
the three stages, with seedling survival particularly challenged in stage 3 areas. The high variability
both within and between transects is likely related to microhabitat variations especially as regards
dead tree locations, trails or former river channels, with T9 a particular example of an old channel
with deep leaf litter that has recently become highly favourable for plant growth as witnessed by
the exceptional number of saplings and seedlings, but few mature trees.

Table 2 supplies a list of the most common tree species for planting in a recommended three-year
experimental planting trial. Such a trial is mandatory to avoid costly and time-consuming mistakes and
to ensure that the integrity of the forest remains uncompromised before attempting any larger-scale
reforestation. It is intended that the selection of common native trees will, in time, form a nucleus for
the repopulation of the forest with ecological processes and functions matching those of the existing
continuous canopy areas [18] (pp. 124–125).

Although riverbank erosion rates between 2.3 and 19.5 cm/year indicate that the forest is not
immediately at risk from erosion, tamarind regeneration along the riverbank [41] provides a slim
margin for re-growth at best, with seedlings and young trees caught between damaging flood events,
embracing reeds and the negative effect of overhanging mature tamarinds (Figure 3). The problem is
that the gallery forest at Berenty is limited to the existing area since riparian sites outside the reserve are
used by the local people for transient cultivation and thus the forest cannot evolve along the riverbank
over time. Hence, the urgent need for planting trials to provide a basis for forest restoration.

Soil characteristics, although variable, are supportive of plant growth. Sand predominates near
the riverbank, where coarse particles are the first to be deposited by fast-flowing floodwaters, while
the fine particles of silt and clay are held in suspension and deposited where flooding has lost its
impetus over the western and southwestern reaches of Malaza. The open dryland areas to the east
and around the central trail hold an intermediate soil position suggesting an intermediate position as
regards flood deposition, with soil moisture levels reflecting soil composition rather than canopy cover.

According to Tadross et al. [37], climate warming in southern Madagascar is likely to increase,
but modelling of temperature and precipitation trends is ill-constrained, being confounded by high
inter-annual variability. It is foreseen that Indian Ocean warming is likely to result in fewer but more
intense cyclones.

The data gathered in this study are intended to assist development of a restoration strategy
in an ecoregion where there is very little information on species growth habits or requirements.
If the dense canopy continues to shrink at the rate indicated by Blumenfeld-Jones et al. [8], in twenty
years there may be very little forest left for the lemurs; ecotourism will collapse and the de Heaulme
family, the local people and the wider world will lose a unique ecosystem.
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Abstract: Complex couplings and feedback among climate, fire, and herbivory drive short- and long-term
patterns of land cover change (LCC) in savanna ecosystems. However, understanding of spatial and
temporal LCC patterns in these environments is limited, particularly for semi-arid regions transitional
between arid and more mesic climates. Here, we use post-classification analysis of Landsat TM (1990),
ETM+ (2003), and OLI (2013) satellite imagery to classify and assess net and gross LCC for the Chobe
District, a 21,000 km2 area encompassing urban, peri-urban, rural, communally-managed (Chobe Enclave),
and protected land (Chobe National Park, CNP, and six protected forest reserves). We then evaluate
spatiotemporal patterns of LCC in relation to precipitation, fire detections (MCD14M, 2001–2013) from the
Moderate Resolution Imaging Spectroradiometer (MODIS), and dry season elephant (Loxodonta africana)
aerial survey data (2003, 2006, 2012, 2013). Woodland cover declined over the study period by 1514 km2

(16.2% of initial class total), accompanied by expansion of shrubland (1305 km2, 15.7%) and grassland
(265 km2, 20.3%). Net LCC differed importantly in protected areas, with higher woodland losses observed
in forest reserves compared to the CNP. Loss of woodland was also higher in communally-managed
land for the study period, despite gains from 2003–2013. Gross (class) changes were characterized by
extensive exchange between woodland and shrubland during both time steps, and a large expansion of
shrubland into grassland and bare ground from 2003–2013. MODIS active fire detections were highly
variable from year to year and among the different protected areas, ranging from 1.8 fires*year−1/km2 in
the Chobe Forest Reserve to 7.1 fires*year−1/km2 in the Kasane Forest Reserve Extension. Clustering
and timing of dry season fires suggests that ignitions were predominately from anthropogenic sources.
Annual fire count was significantly related to total annual rainfall (p = 0.009, adj. R2 = 0.50), with a 41%
increase in average fire occurrence in years when rainfall exceeded long-term mean annual precipitation
(MAP). Loss of woodland was significantly associated with fire in locations experiencing 15 or more
ignitions during the period 2001–2013 (p = 0.024). Although elephant-mediated damage is often cited as a
major cause of woodland degradation in northern Botswana, we observed little evidence of unsustainable
pressure on woodlands from growing elephant populations. Our data indicate broad-scale LCC processes
in semi-arid savannas in Southern Africa are strongly coupled to environmental and anthropogenic
forcings. Increased seasonal variability is likely to have important effects on the distribution of savanna
plant communities due to climate-fire feedbacks. Long-term monitoring of LCC in these ecosystems is
essential to improving land use planning and management strategies that protect biodiversity, as well as
traditional cultures and livelihoods under future climate change scenarios for Southern Africa.

Keywords: Chobe; forest resources; ecosystem services; non-linear change; protected areas; disturbance;
drought; sustainable livelihoods; ecotone; dryland; KAZA; Southern Africa
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1. Introduction

Dryland ecosystems [1,2] occupy 41% of the global land surface and support nearly one third
of the world’s population, concentrated primarily in countries that share a significant portion of
the global poverty burden [3–6]. Across Southern Africa, an estimated 150 million rural and urban
residents support their livelihoods through extracting natural resources from semi-arid savannas [7],
including firewood, food, fresh water, traditional medicine, thatching grass, reeds, poles, and other
materials for building and crafts [8–10]. Scarcity of surface water and high rainfall variability make
these systems particularly vulnerable to land degradation resulting in the potential loss of ecosystem
services [11], with rural and impoverished communities being disproportionately impacted [12,13].

Savannas are defined by the coexistence of shade-intolerant and fire tolerant C4 grasses with
tree cover maintained below climate-defined equilibrium values [14–16]. Proposed mechanisms for
tree-grass coexistence in savannas fall broadly into two classes that emphasize either the role of niche
partitioning and competition for resources [17–19] or demographic bottlenecks in tree recruitment
mediated by disturbance [20–22]. Tree-grass ratios in savannas range from areas where grasses
are dominant, to woodland savanna where tree cover may approach a closed-canopy state [17,23].
Water and nutrient limitations, together with individual and interactive effects of disturbance at
different life-history stages appear central to tree persistence in savannas [15,22,24,25]. While rainfall
and edaphic conditions tend to be the most important factors limiting maximum tree cover in arid
savannas where mean annual precipitation (MAP) is less than 400 mm, in savannas where MAP
exceeds 650 ± 134 mm, disturbance dynamics exert a greater influence on vegetation structure [21].
In these semi-arid and mesic savannas, the role of fire and herbivory becomes increasingly important
for maintaining the coexistence of trees and grasses through positive feedback that prevents woodlands
from attaining a closed canopy state [14,24].

The semi-arid savanna of northern Botswana provides an important example of a vegetation
ecotone situated along a transitional zone between the arid (<400 mm MAP) Kalahari landscape
to the south and the more mesic (>1000 mm MAP) Zambezian Baikiaea Woodland ecoregion to the
north [26,27]. Unlike the Kalahari, northern Botswana possesses extensive woodlands composed
primarily of Zambezi teak (Baikiaea plurijuga) and Mopane (Colophospermum mopane), commonly in
association with Pterocarpus angolensis, and Terminalia sericea. These woodlands provide essential
habitat for a wide range of taxa, along with important ecosystem services, including regulating
decomposition processes and nutrient cycling, and improving water quality by limiting runoff of
precipitation, soil, and contaminants [28–31].

Local land managers and communities frequently encounter varying and competing perceptions
of land degradation, compounded by a lack of knowledge about the drivers and direction of LCC [32].
In Southern Africa, land degradation is frequently associated with changes in vegetation structure,
particularly the loss of mature trees and encroachment of low-growing shrub species into savannas [33–37].
While expansion of cropland, livestock grazing, and urbanizing land use are frequently cited as driving
LCC in sub-Saharan Africa [38–40], in northern Botswana wildlife and fire disturbance, together
with human encroachment and climate change, are identified as the primary threats to woodland
resources [41].

Remote sensing studies of LCC in northern Botswana have typically focused on relatively short
time spans (<10 years), providing limited information about regional change dynamics and emergent
management needs [42–50]. Global-scale LCC monitoring efforts such as the Global Land Cover
Network’s Africover project and the European Space Agency’s Globcover mapping project are currently
unavailable for much of Southern Africa or, where available, lack the necessary spatial resolution to
detect important changes in land cover, information critical to resource management. Here, we use
Landsat Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and Operational Land
Imager (OLI) satellite images to classify multi-decadal (1990–2013) LCC and assess broad-scale changes
in a semi-arid savanna across varying land uses and management. We evaluate LCC in relation to
potential drivers including fire, climate, and growing elephant (Loxodonta africana) populations, and
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provide recommendations for future change monitoring and management needs in semi-arid savannas
in Southern Africa.

2. Materials and Methods

2.1. Study Area

The Chobe District of northeastern Botswana (Figure 1) is a semi-arid dryland supporting a diverse
assemblage of wildlife species and habitats of global conservation significance, including the largest
elephant population in Africa [51,52]. The region has an aridity index between 0.20 and 0.50, calculated
as the ratio between mean annual precipitation (MAP) and mean potential evapotranspiration [53], and
is characterized by highly variable rainfall, with nearly the entire annual rainfall budget concentrated
during the November—March wet season, followed by a general absence of precipitation from
April-October. Wetter and drier periods frequently occur on the order of 5–10 years, with drought
conditions associated with the strength of the prevailing El Niño-Southern Oscillation [54]. The Chobe
River and its surrounding wetlands provide the only permanent source of surface water for the Chobe
District. As a transboundary watershed, the Chobe River Basin is considered a core component of the
Kavango-Zambezi (KAZA) Transfrontier Conservation Area, shared by Angola, Botswana, Namibia,
Zambia, and Zimbabwe.

 

Figure 1. Landsat-based (2013 OLI) map of the Chobe District study area displayed using a natural
color (4,3,2) band combination.

2.2. Land Use and Management

Land tenure in the Chobe District consists primarily of state land (national parks, forest reserves,
and wildlife management areas), and tribal land (communal areas and commercial agriculture).
Communal lands are typically utilized for subsistence livestock grazing and agriculture at a lower
intensity than other areas in Botswana due to high wildlife conflict and barriers to cattle movement and
production associated with endemic livestock diseases such as the virus that causes Foot-and-Mouth
disease (Aphthae epizooticae). Protected areas account for approximately 58% of the District’s total
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land area, of which, the Chobe National Park (CNP) occupies 11,700 km2 (see Figure 1). Six protected
forest reserves and extensions are located in the study site: Kazuma, Maikaelelo, Sibuyu, Chobe,
Kasane Forest Reserve, and the Kasane Forest Reserve Extension, occupying a combined land area of
approximately 4100 km2. The town of Kasane is the regional government seat (est. 2011 population
9008) and, together with Kazungula (est. pop. 4133), are the largest urban settlements in the District [55].
The communally-managed Chobe Enclave (1690 km2, Figure 1), located along the District’s northern
border with Namibia, is surrounded on all sides by protected areas. The Chobe River floodplain
occupies a large portion of the Enclave, with forested areas confined to higher elevations. Human
population density is generally low in the Enclave’s five main villages, with a combined population of
7500 [55], approximately 30% of whom work outside of the Enclave [8]. Crop and livestock production
and wage employment are the primary economic activities, with a majority of households relying on
extraction of natural resources for subsistence purposes [10].

2.3. Data Sources

Landsat satellite images of the Chobe District were obtained from the U.S. Geological Survey with
a spatial resolution of 30 m for visible, shortwave infrared (SWIR), and near infrared (NIR) bands,
for the years 1990 (Landsat 5 Thematic Mapper; TM), 2003 (Landsat 7 Enhanced Thematic Mapper
Plus; ETM+), and 2013 (Landsat 8 Operational Land Imager; OLI) (Figure 2). A decadal revisit period
was chosen in order to focus on broad-scale LCC in the study area during a period of rapid growth
of both elephant [52] and human [55] populations in the District. This time period also includes the
implementation of Botswana’s National Conservation Strategy (1990), which outlines fundamental
ecosystem conservation goals for the country [56]. Timing of green-up and leaf-fall is highly variable
in northern Botswana, so we limited our classifications to cloud-free images acquired from 8–28 April
during each year of the analysis to minimize seasonal effects on land cover classifications (Table S1).
Monthly active fire detections from the Moderate Resolution Imaging Spectroradiometer (MODIS;
MCD14ML Collection 5.1) available for the period 1 January 2001–31 December 2013 were used to
evaluate fire dynamics in the Chobe District. The MODIS sensor detects fires burning in 1 km pixels
using a contextual algorithm to apply thresholds to observed mid-infrared and thermal infrared
brightness temperature, and rejects false detections by comparing them to values from neighboring
pixels [57]. Only fire pixels assigned high-confidence (>75%) were included in the analysis in order to
exclude potential false detections [57–59].

Figure 2. Cont.
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Figure 2. Landsat mosaic images of the study area taken 8–28 April in each year and displayed using
a false color 7,4,2 band combination. Healthy vegetation appears green with darker hues indicating
forested areas. Water is black to dark blue and pink and magenta indicate bare ground, while sand,
soil, and sparsely-vegetated areas appear in lighter shades of pink and tan.

Climate and Wildlife Aerial Survey Data

Daily precipitation records measured at the Kasane Meteorological Station were provided by the
Botswana Department of Meteorological Services for the years 1922–2013 and were used to evaluate
rainfall patterns during the study period. Dry season aerial wildlife survey data provided by the
Botswana Department of Wildlife and National Parks (DWNP) for 2003, 2006, 2012, and 2013 were used
to examine spatial associations between elephants and land cover. Surveys were flown in late August
following a stratified systematic transect sampling design and were analyzed using Jolly’s method for
sampling units of unequal size [60]. Elephant biomass is represented as Large Stock Units (LSU)/km2,
where one LSU is equal to the metabolic equivalent of a 454 kg cow [52,61]. Land cover values in the
2003 and 2013 classification maps were extracted within aerial survey units from the corresponding
year to determine elephant presence in the different land cover classes.

2.4. Satellite Imagery Pre-Processing

Landsat images were standardized onto a common geographic and radiometric scale, and
projected to Universal Transverse Mercator (UTM) WGS 84 Zone 34 South prior to classification
and analysis. Landsat TM and ETM+ images were processed to surface reflectance using the
Ecosystem Disturbance Adaptive Processing System (LEDAPS), while Landsat OLI surface reflectance
was calculated using the USGS L8SR algorithm. Multi-spectral data often possess a high degree
of correlation among adjacent spectral bands, particularly in semi-arid savanna systems where
environmental and ecological variability create a mosaic landscape of diverse plant community
assemblages [62]. In this study, we used principal components analysis (PCA) to transform the
original multi-band Landsat images to reduce redundancy in spectral data in preparation for land
cover classification and change detection. The first three principal components contained >98% of
the original information in the multi-spectral datasets for 1990, 2003, and 2013, and were used for
all classifications.

2.5. Land Cover Classification

We initially classified land cover using an unsupervised Interactive Self-Organizing Clustering (ISO
Cluster) approach in ESRI ArcMap 10.2 (Environmental Systems Research Institute, Redlands, CA, USA).
Image pixels were grouped into 45 spectral clusters using a sampling interval of 25 cells and a minimum
class size of 150 cells, with a 3 × 3 majority filter applied to reduce noise and outliers. Spectral clusters
from the unsupervised classification were then assigned to one of six general land cover classes
(Table 1) using a supervised classification approach based on characteristics defined by the Food and
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Agriculture Organization (FAO) of the United Nations 2010 Forest Resources Assessment (FRA) [63].
Final class assignments were based on examination of current and historical aerial orthophotography
and expert knowledge of the study area and local conditions. Any obvious localized misclassifications
were corrected prior to merging polygons of the same grid value in preparation for post-classification
change analysis.

Table 1. Land-cover classifications based on 2010 FAO Forest Resources Assessment designations.

Class Description

Water Perennial and seasonally-flooded river channels, water-filled pans,
reservoirs, and watering holes

Wet/irrigated vegetation
Permanent and seasonally-inundated wetland, floodplain, and riparian
vegetation; irrigated agricultural land, and water-saturated vegetation
surrounding ephemeral water pans.

Grassland Land cover dominated by grasses with <10% tree and shrub cover.

Woodland
Land with tree cover ranging from open (>10%) tree savanna intermixed
with a grass or shrub understory, to closed-canopy (>40% cover) dry
deciduous forest.

Shrubland

Land cover dominated by mixed, short woody vegetation (usually <3 m
tall) ranging from open shrub savanna (>10% cover) with a
discontinuous understory cover of annual grasses, herbs, and occasional
tall trees, to thickets (>50%) with little or no grass cover.

Bare/impervious Natural sandy and bare soils; rock outcrops; and impervious surfaces
including dirt and tar roads, parking lots, and rooftops.

2.6. Classification Accuracy Assessment

We assessed classification accuracy for 2013 land cover assignments using standard confusion
matrix cross-tabulation methods [64]. A total of 928 reference sites were selected using a random
point generator and existing cover was validated using a combination of field-based ground-truthing
conducted in July 2015 and high-resolution orthophotography from 2013. As we were unable to assess
classification accuracy for 1990 and 2003 directly due to a lack of suitable reference data, the 2013
training site data were used to calculate proportional error for each class by dividing the number
of misclassified cells by land cover contingency table row totals for each time step. Proportional
errors for each cover class were then multiplied by the nominal class areas, and summed along each
column to derive an adjustment representing upper (omission) and lower (commission) classification
uncertainty intervals. We calculated overall classification accuracy with binomial 95% confidence
intervals for net LCC using the “caret” package in R by dividing the total number of correctly identified
reference points by the total number of sample units in the matrix [64]. Individual class accuracies were
computed in a similar manner and include measures of: sensitivity (producer accuracy), specificity
(true negatives), detection rate and detection prevalence, and positive predictive (user accuracy) and
negative predictive values [65]. Quantity disagreement and allocation disagreement between the
2013 land cover classification and reference data were calculated following methods described by
Pontius Jr and Millones [66], along with omission and commission error for each class. Quantity
disagreement derives from a proportional difference between the number of cells of a particular land
class in two maps, while allocation is the additional disagreement resulting from a less than optimal
match in the spatial allocation of the categories [67]. We also include an unweighted Cohen’s Kappa
statistic describing agreement of categorical data relative to what would be expected by chance, with
values of 1 indicating perfect alignment.
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2.7. Change Detection

Net and gross LCC were estimated for the Chobe District and communally-managed Chobe
Enclave, and for seven protected areas: Chobe National Park, Sibuyu, Maikaelelo, Kazuma, Chobe,
Kasane Forest Reserve (FR), and the Kasane Forest Reserve Extension (FRE) using change detection
analysis in ENVI version 4.8 (Exelis Visual Information Solutions, Boulder, CO, USA) and in ArcMap
v.10.2. Images were coregistered (UTM zone 34S, Datum WGS-84) prior to analysis and for each pixel
in the initial state classification the land cover class in the final state image was recorded.

2.8. Statistical Analysis

All statistical analysis was conducted in the R open source integrated programming
environment [68] unless otherwise noted. A two sample t-test of equal variances was used to test the
hypothesis that mean fire occurrence was significantly different in alternating (even and odd) years,
and ordinary least squares (OLS) regression was used to analyze the association between total annual
rainfall and fire count. We evaluated the influence of elephants on woodland loss by quantifying
the total number of pixels within aerial survey blocks from 2003, 2006, and 2012 that changed from
woodland to grassland, shrubland, or bare/impervious from 2003–2013. Woodland loss values were
normalized by survey block area (km2) and elephant data for the three years were grouped into low
(<10), medium (10.1–20), and high (>20) elephant biomass (LSU/km2) for analysis. We assessed the
relationship between woodland loss and fire in a similar manner by calculating the total number of
woodland loss pixels within a 1 km radius buffer around MODIS active fire detections. Fire counts
were grouped into low (≤5), medium (6–14), and high (≥15) classes for analysis.

We initially fit OLS regressions and tested for the presence of spatial autocorrelation in model
residuals using a Global Moran’s I statistic. Significant spatial autocorrelation was present in OLS
model residuals comparing woodland loss and fire count (0.014, p < 0.0001) and woodland loss and
elephant biomass (0.273, p < 0.0001). As result, we fit generalized least squares (GLS) regressions to
these data in the R package “nmle” [69] using five autocorrelation structures: exponential, Gaussian,
spherical, linear, and rational quadratic. The GLS methodology has been extensively applied to
analyze and account for the influence of spatial correlation in a wide range of ecological data [70].
Akaike Information Criterion (AIC) estimation was used to select the best performing model based
on lowest delta AIC. A square root transformation was applied to the woodland loss data to satisfy
assumptions of normality and verified using normal qqplots.

In addition, we conducted an optimized hot spot analysis of fire clusters using Getis-Ord Gi* in
ArcGIS (v. 10.3) following integration and event collection of fires occurring within a 10 km-radius
neighborhood. Getis-Ord Gi* identifies statistically significant spatial clusters of high values (hot spots)
or low values (cold spots) based on z-scores and p-values for each feature. Fires in the neighboring
countries of Namibia, Zambia, and Zimbabwe were included in the hot spot analysis to assess potential
fire spread into the Chobe District across international borders.

3. Results

3.1. Land Cover Classification Accuracy

Spectral clusters from the unsupervised classification were assigned to one of the six general
land cover classes according to the definitions in Table 1. Overall disagreement between 2013 land
cover classifications and the training data was 13%, the majority of which was due to differences
in class allocation (Figure 3a). Omission error was higher than commission error for grassland and
bare/impervious cover, indicating a tendency to underestimate these classes across the study area
domain (Figure 3b). A full accounting of contingency table results for land cover classification accuracy
compared to reference data and a summary of accuracy assessment statistics are included in Tables S2
and S3, respectively. Overall classification accuracy was 0.867 (95% CI 0.843, 0.888) with a Kappa
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coefficient of 0.832, indicating generally low misclassification error, with the highest confusion arising
between woodland and shrubland.

Figure 3. (a) Summary of overall disagreement between 2013 land cover classification and reference
data, separated into the components of quantity and allocation. (b) Summary of agreement, omission
disagreement, and commission disagreement between 2013 land cover classification and reference data
by cover class as a percent of the study area domain.

3.2. Summary of Net LCC

3.2.1. Chobe District

The dynamic nature of LCC in northern Botswana is illustrated in thematic land cover maps
for 1990, 2003, and 2013 (Figure 4). Net LCC during the study period is summarized in Figure 5
and was characterized by loss of woodland (1514 km2, 16%) and expansion of shrubland (1304 km2,
16%). Locations of woodland gains and losses from 1990–2013 are shown in Figure 6. Woodland
losses during the first time step were followed by a small net gain from 2003–2013 (143 km2, 2%),
although overlap of uncertainty intervals for woodland indicate this gain may be attributable to errors
in classification. Shrubland losses from 1990–2003 were followed by a large net gain of 2189 km2

(29.4%) from 2003–2013, with shrubland becoming the dominant land cover in the Chobe District by
2013. Grassland gained 265 km2 (20%) over the study period, despite a net loss of 1321 km2 (45%) from
2003–2013, with the largest changes observed in the southwestern corner of the District around the
Savuti Marsh, and in Mokororo Pan located to the south of Kasane FRE. Bare/impervious gains during
the first time step were followed by a loss of 1023 km2 (40%) from 2003–2013, with large reductions
in bare ground around Savuti Marsh and in the Chobe Enclave. Water and wet/irrigated vegetation
cover varied considerably, with the majority of change associated with seasonal flooding of the Chobe
River and irrigation of commercial agricultural fields in southeastern portion of the District around the
village of Pandamatenga.
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Figure 4. Land cover classification maps of Chobe District for 1990, 2003, and 2013.

Figure 5. Estimated net area (km2) for Chobe District land cover in 1990, 2003, and 2013. Bars show
estimated error calculated using field and training site data. Estimated errors for consecutive time
steps were less than net change for all classes except wet/irrigated in all three years, and woodland in
2003 and 2013.
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Figure 6. Maps of woodland change from 1990–2003 and 2003–2013. Woodland losses are shown in
red and gains in green. White indicates areas of no change or land cover other than woodland.

3.2.2. Protected Areas and Communal Lands in the Chobe Enclave

Net LCC in protected areas and the Chobe Enclave are summarized in Figure 7. Woodland
declined in five of the six protected forest reserves from 1990–2003, with net losses averaging 31%.
While only three protected areas lost woodland from 2003–2013, average declines were 58%, driven by
high losses in Maikaelelo (190 km2, 70%) and Kazuma (91 km2, 65%) FRs. In the CNP, woodland losses
from 1990–2003 (618 km2, 15%) were followed by a gain of 703 km2 (20%) from 2003–2013. Shrubland
expanded in all of the protected areas over the study period, with the smallest gains observed in the
CNP and the largest gains in Kasane and Kazuma FR. Grassland also increased over the study period
in a majority of the protected areas, with all but Kasane FR gaining grassland from 1990–2003 and
losing grassland from 2003–2013. Kasane and Maikaelelo FR experienced the greatest increases in
bare/impervious cover over the study period. Changes in water and wet/irrigated vegetation in the
Sibuyu FR were related to seasonal flooding of nearby ephemeral pans along with flood irrigation in
the agricultural fields bordering the reserve to the north.

Figure 7. Land cover (km2) in the Chobe National Park and six protected forest reserves, the Chobe
Enclave for 1990, 2003, and 2013.
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Land cover in the communally-managed Chobe Enclave changed from nearly equal representation
of woodland and shrubland in 1990, to being shrubland-dominated in 2013. A large woodland loss
from 1990–2003 (351 km2, 56%) was followed by a gain of 71 km2 (26%) from 2003–2013. In contrast,
both grassland and bare/impervious cover expanded from 1990–2003, but subsequently declined
from 2003–2013. Changes in water and wet/irrigated vegetation in the Enclave were primarily due to
fluctuations in seasonal flooding of the Chobe River and associated wetlands.

3.3. Summary of Gross LCC

Estimates of gross change among the different cover classes highlight the complex and dynamic
nature of LCC across the Chobe District (Table S4). The magnitude and direction of gross percent change
among woodland, shrubland, grassland, and bare/impervious cover from 1990–2003 and 2003–2013
are summarized in Figure 8. Over the study period, woodland lost 4317 km2 to shrubland, while
gaining an estimated 2788 km2 from shrubland in return (Table S4). Extensive woodland regeneration
occurred in areas of bare ground, with 237 km2 (15%) of bare/impervious changing woodland from
1990–2003 and 423 km2 (17%) changing to woodland from 2003–2013. Grassland gains from 1990–2003
were driven predominately by the loss of shrubland (1088 km2, 13%) and bare/impervious (229 km2,
14%) cover, while shrubland encroachment drove grassland losses from 2003–2013. Grassland also lost
395 km2 (14%) to woodland from 2003–2013. Shrubland gains intensively targeted bare ground, with
around half of all bare/impervious losses attributable to expansion of shrubland during both time
steps. Bare/impervious gains from 1990–2003, on the other hand, were predominately driven by loss
of shrubland. Although not shown in Figure 8, the majority of change from water was to wet/irrigated
vegetation, while wet/irrigated vegetation predominately changed to grassland Table S4).

Figure 8. Dynamics of gross change among woodland, shrubland, grassland, and bare/impervious
land cover in the Chobe District for 1990–2003 (gray arrows) and 2003–2013 (white arrows), represented
as percent losses. Arrows indicate the direction of class losses, with arrow length scaled by change
magnitude and largest transitions shown in bold. For example, from 1990–2003 34% of all woodland
losses were to shrubland, while 28% of all shrubland losses were to woodland.
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3.4. Rainfall

Analysis of precipitation records showed long-term (1922–2013) mean annual precipitation (MAP)
in Kasane was 632 mm ± 181 mm with total annual rainfall ranging from 301–1205 mm. For the study
period, MAP was 562 mm ± 177 mm. While not statistically significant, MAP differed importantly
between the two time steps and boxplots of rainfall for the different time steps show the larger
interquartile range from 2003–2013 (Figure 9). Between 1990 and 2003, total annual rainfall only
exceeded the long-term MAP in 1991, compared to four years of above average rainfall from 2003–2013
(Figure 9).

Figure 9. Total annual rainfall (mm) for the study period with long term (1922–2013) mean annual
precipitation (MAP) and MAP for each time step with standard deviations shown, along with boxplots
of total annual rainfall for the different time steps.

3.5. Spatiotemporal Analysis of Fire, Rainfall, and Woodland Loss

Fire was almost entirely a dry season phenomenon in the Chobe District with activity peaking
during the period August-October (Figure 10a) when more than 85% of fires in the study area were
detected. In contrast, only 11 fires were detected during the wet season from December-March.
The timing and location of fires prior to the arrival of convective storms typically associated with
lightning production, suggests the majority of fire ignitions were anthropogenic in origin. While the
CNP had the most ignitions of any protected area, it had comparatively few fires per year by total land
area (Table 2), while Kasane FRE and Kazuma FR had the highest fire incidence.

Fire counts were highly variable from year to year, with more active fires recorded in years with
higher rainfall (Figure 10b). OLS regression comparing annual fire count and total annual rainfall over
the period 2001–2013 was not significant at the alpha 0.05 level; however, regression residual versus
leverage plots indicated 2010 and 2011 as potentially influential outliers, and the fitted regression
model excluding these two years was significant (F(1,9) = 10.9, 95% CI (0.388, 2.08), p = 0.009) with an
adjusted R2 = 0.50, compared to an adjusted R2 = 0.04 for the full model. High fire and low fire years
tended to alternate biennially, with a significantly greater number of fires in even years (excluding
2010 and 2011) (df = 9, t = 2.78, p = 0.02). Higher total annual precipitation was associated with a 41%
increase in mean fire occurrence in years when rainfall totals exceeded the long-term MAP of 632 mm.

Comparing the spatial distributions of woodland loss and fire data shows woodland loss increased
from low to high fire groups (Figure 10c). However, gls regression results show woodland loss was
significantly related to fire (p = 0.024) only in locations experiencing more than 15 fires during the
observation period (Table 3).
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Figure 10. (a) MODIS fire detections for the Chobe District from 2001–2013 by month (n = 9288, s = 1376)
with long-term (1922–2013) average total monthly rainfall (mm) with standard deviations (b) total
annual rainfall (mm) and active fires in the Chobe District from 2001–2013. (c) boxplots of woodland
loss and fire frequency grouped by low (≤5), medium (6–14), and high (≥15) classes.

Table 2. Summary of fire frequency for the Chobe District, Enclave, and protected areas. Mean detection
confidence levels for each location are included, along with an area-weighted annual fire index (AFI),
calculated by dividing average annual fire frequency by total land area (fires*year−1/km2), representing
a straightforward way of comparing fire incidence in analysis units of varying size.

Location Area (km2) Mean Detection Confidence Total Fires Average Annual Fires AFI

Chobe District 21,153 91 9288 714 3.4
Chobe Enclave 1677 89 1128 87 5.2
Protected Area

Chobe NP 10,168 92 2835 218 2.1
Chobe FR 1382 89 326 25 1.8
Sibuyu FR 1169 92 726 56 4.8

Kasane FRE 660 90 613 47 7.1
Maikaelelo FR 538 91 310 24 4.4

Kazuma FR 194 91 151 12 6.0
Kasane FR 123 92 33 3 2.1

Table 3. Generalized least squares regression results.

Variable Woodland Loss

Intercept 10.77 ** 19.94 **
df 846 1257

Medium elephant biomass 0.002 -
High elephant biomass 0.008 -

Medium fire - 1.58
High fire - 5.31

Variogram Form Rational
quadratic Exponential

Range 0.002 0.03
Nugget <0.01 0.66

Residual standard error 6.49 17.07

Significance of variable coefficients: p ≤ 0.001 **, p ≤ 0.05.

274



Land 2017, 6, 73

3.6. Geospatial Analysis of Fire Hot Spots

Fire density was high in unprotected land between the Kazuma and Maikaelelo FRs with
significant fire hot spots clustered temporally and spatially in areas where harvest of thatch materials
is permitted from September to October (Figure 11). Another large cluster of fire hot spots was
centered near the agricultural fields of Pandamatenga and were associated with clearing of agricultural
land. Fire density was also high in several protected areas (Kazuma, Maikaelelo, and Kasane FRE),
but was generally low in the central and southern CNP and Chobe FR, with numerous fire cold spots
indicating significantly fewer fires than predicted compared to neighboring land. Fire hot spots along
the Botswana side of the Chobe River were predominately confined to within ~5 km of the river course
and decreased in number towards the interior of the Enclave. In contrast, significant fire hot spots on
the Namibian side of the river extended into the Bamunu and other communal land conservancies
surrounding Mudumu National Park in Namibia, but declined abruptly along the western border of
Salambala Conservancy, as well as in neighboring portions of the Enclave.

 

Figure 11. MODIS active fires (2001–2013, n = 33,631) for Chobe District and neighboring countries,
showing kernel density (fires/10 km2) overlaid with Getis-Ord Gi* hot and cold spot confidence level
bins. The red line marks the spatial extent of MODIS fire data used in the analysis.

3.7. Spatial Analysis of Woodland Loss in Relation to Elephant Biomass in Aerial Survey Units

Associations between elephants in dry season aerial survey units and 2003 and 2013 land cover
are shown in Figure 12a. Survey units with elephants totaled 5077 km2 in 2003 and 5452 km2 in
2013. Elephants were predominantly associated with woodland and shrubland in both 2003 and 2013
(Figure 12a), however, we found no significant difference in woodland loss among survey blocks with
low, medium, or high elephant biomass (Table 3), despite evidence of elevated woodland loss in survey
blocks with high elephant biomass (Figure 12b).

275



Land 2017, 6, 73

Figure 12. (a) Area (km2) and percent land cover in 2003 and 2013 aerial survey units with elephants
(b) boxplots of elephant biomass (LSU/km2) in aerial survey blocks from 2003, 2006, and 2012 grouped
into low (<10), medium (10.1–20), and high (>20) classes vs. woodland loss from 2003–2013.

4. Discussion

4.1. Chobe District Net and Gross LCC

Spatial distributions of tree, shrub, and grass communities varied considerably in the climatically
unpredictable, semi-arid savanna of northern Botswana, influenced by interdependent environmental
and anthropogenic forcings over decadal time periods. Rapid land cover transitions within savanna
biomes can be driven by complex nonlinear feedbacks between biophysical and human systems at
local, regional, and even global scales [14,71]. For example, recent evidence suggests increasing levels
of atmospheric CO2 may play a significant role in the expansion of woody plants in savannas by
favoring regrowth following injury from fire or browsing [72,73] and inducing plant water-saving [74].
Changes in fire frequency due to increasing rainfall variability related to global climate warming, as
well as human activity, may greatly impact the distribution of trees and grasses in Southern African
savannas [54,75].

Our analysis found net LCC in the Chobe District from 1990–2013 was characterized by a decrease
in woodland cover accompanied by expansion of shrubland. The observed woodland decline of 16%
(1514 km2) was in line with United Nation’s FAO estimates that Botswana lost approximately 20%
of its forested area from 1990–2015 [76]. Woodland declined at a faster rate across the District from
1990–2003 compared to 2003–2013, driven primarily by losses to shrubland (Figure 8). Shrubland
underwent extensive expansion during the second time step, with the majority of gains occurring in
bare/impervious and grassland (Figure 8). In contrast, grassland gained across the District during the
first time step when conditions were drier, but subsequently lost 1321 km2 (942 km2, 33% to shrubland)
from 2003–2013 (Figure 8, Table S4). Bare/impervious cover also varied considerably over the different
years of the analysis. Large bare/impervious gains from 1990–2003 in the southwest of the study area
around the Savuti marsh were followed by a large decrease from 2003–2013, likely associated with
changes in water flow into the Savuti channel and surrounding wetlands, which only began receiving
water again in 2010 after an extended dry period [77]. Bare/impervious gains around the towns of
Kasane and Kazungula in the northeast of the District, on the other hand, were associated with urban
expansion and infrastructure development driven by a 32% increase in population between 2001 and
2011 [55]. Net changes in open water and wet/irrigated vegetation were relatively small compared
to total District land area, but were highly variable and primarily related to seasonal flooding of the
Chobe River and associated wetlands.

Gross (class) changes at the landscape level were dominated by exchange between woodland
and shrubland (Figure 8, Table S4), further illustrating the nonlinear nature of LCC in the study area.
Exchange occurs when a pair of pixels is classified as category “A” in the first map and as category
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“B” in the second map, and vice-versa [67]. Woodland losses to shrubland were higher during both
time steps, although the rate of exchange among the two classes increased by approximately 10%
from 2003–2013 when conditions were wetter. Such high rates of exchange between shrubland and
woodland over decadal time periods may be a common feature of transitional savannas situated
between arid and more mesic climate zones. In semi-arid savanna, woody vegetation growing
on nutrient-poor soils maintains a large fraction of biomass below ground [78,79]. C. mopane in
particular, which is widespread in the south of the Chobe District, may coppice or persist in low shrub
form under unfavorable drought conditions or following disturbance, quickly returning to a taller,
more closed-canopy state once conditions improve [79]. Observations of woody vegetation growing
on Kalahari sand in the study area have noted large areas of shrub savanna have developed into
woodland since the 1990s [42,48]. Despite a net loss from 1990–2003, our results indicate woodlands in
the Chobe District may undergo expansion even during prevailing drought conditions in locations
where fire disturbance remains low to moderate. Woodland gains in bare/impervious cover provide
additional evidence of the rate of successful establishment of tree seedlings following fire or other
significant disturbance, with 15% of bare ground becoming woodland on average during each 10-year
time step (Figure 8).

4.2. LCC in Protected Areas

Woodland losses were generally higher in the protected forest reserves (FRs) compared to the
Chobe District and Chobe National Park (CNP), where woodland grew by 20% (702 km2) from
1990–2013, possibly reflecting differences in natural resource management strategies. For example,
while the CNP is considered a “no access” area in regards to natural resource extraction, limited
subsistence and commercial harvesting of forest resources is allowed in FRs through a government
permit system. Similar results were observed for protected areas in East Africa, where only national
parks increased their forest area between 2001 and 2009, while forest reserves, nature reserves, and
game parks were all more likely to lose forest cover [80]. Wilcock et al. [81], in contrast, found
that deforestation in Tanzania shifted to net increases in forest cover once legal protection had been
established. However, all the protected areas examined in their study were established more than
50 years prior to the final time step of the analysis (2000), allowing more time for forests to recover.

With the exception of Kasane FR and the CNP, which were created in the late 1960s, the protected
areas in the Chobe District were all established after 1980. De-gazetting of protected land during the
late 1990s for residential and commercial expansion likely contributed to woodland losses in Kasane
and Kazuma FRs. High woodland losses observed in several FRs from 1990–2003 may also be related to
commercial logging, which began in the 1930s and greatly reduced the areal coverage of mature trees,
particularly Bloodwood (Pterocarpus angolensis) and Zambezi teak (Baikiaea plurijuga) [42,82]. Growing
concerns about economic sustainability, along with a lack of concessionaire adherence to contractual
agreements, led the government to suspend commercial timber harvesting operations in the forest
reserves in 1994 [63,83]. Woodland area also declined in the communally-managed Chobe Enclave over
the period 1990–2003, but grew from 2003–2013. A Community-Based Natural Resources Management
(CBNRM) framework was implemented in the Enclave beginning in the mid-90s, and has increasingly
focused on preserving forests due to their significance to rural livelihoods [84].

4.3. Drivers of Land Cover Change

4.3.1. Rainfall and Fire

Short-term climate variability at inter-annual time-scales, together with strong climate-plant
couplings and non-linearities inherent in the system can greatly influence savanna plant community
structure and composition, and its response to external forcings [24,85–88]. Total annual rainfall had
a significant positive influence on fire occurrence in the Chobe District from 2001–2013. High fire
and low fire years tended to alternate biennially in the Chobe District, a pattern found to contribute
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to significantly higher mean fuel loads in long-term burn experiments conducted in well-wooded
savanna in South Africa [89]. Greater plant biomass in high rainfall years can facilitate dry season
fire spread when moisture content of vegetation is lowest [89] and we observed a 41% increase in
fires during years when total rainfall exceeded the long-term MAP of 632 mm (Figure 10b). Loss of
woodland was significantly higher in locations experiencing 15 or more fires from 2001–2013, but did
not differ significantly among areas that burned less frequently, suggesting that a threshold exists
below which woodlands may be able recover from fire disturbance in the region. Unprotected land
between the Maikaelelo and Kazuma FRs burned at a significantly greater frequency than surrounding
land, with many fires coinciding temporally with dry season harvesting of thatch materials permitted
only from September to October. Increased plant biomass during high rainfall years improves the
condition of thatch, but may also contribute to fire spread due to accidental ignitions from escaped
campfires used by grass cutters. Similarly, fire hot spots in communal land along the Chobe River
in the communally-managed Enclave appeared to be influenced by the large concentration of fires
across the border in Namibia’s Caprivi Strip where people frequently burn reeds and floodplain
vegetation to clear land for livestock. Moderate climate change scenarios for the Chobe District and
the greater KAZA region predict annual rainfall to decrease by more than 100 mm by the year 2080,
while interannual rainfall variability is predicted to significantly increase [90,91]. Given the dynamic
feedback between rainfall and fire, climate change impacts on woodlands and the ecosystem services
they provide to local communities are likely to be complex.

4.3.2. Woodland Change and Elephants

Over-browsing by elephants is frequently cited as one of the most important drivers of woodland
degradation in the Chobe District [92], particularly within the riparian corridor of the Chobe River
where elephant and other water-dependent wildlife congregate at high densities during the dry
season [45–47,49]. Ben-Shahar [48] found that while the proportion of woody plants utilized by
elephants increased with proximity to the Chobe River, browsing damage was extremely patchy with
some sites little used by elephants and patches varying in size by plant species diversity. Our analysis
showed that elephants were predominately associated with woodland and shrubland in dry season
aerial survey units (Figure 12a). However, we did not detect any significant differences in woodland
loss in aerial survey units with higher versus lower elephant biomass for the years 2003, 2006, and
2012. These results suggest that elephant populations are not contributing significantly to the loss of
interior woodlands, despite average annual increases in the regional elephant population of between
5.5% and 7% since the 1960s [93,94].

4.4. Fire Management Implications

The vast majority of fires in the Chobe District occurred late in the winter dry season (Figure 10a)
prior to the arrival of convective storms typically associated with lightning production, which suggests
the majority of fire ignitions were from anthropogenic sources. Experimental studies have shown that
frequent fires in the late dry season can lead to large reductions in the amount of woody vegetation
cover compared to those occurring in wet season [95]. Frequent dry season fires are also associated with
an increase in multi-stemmed coppicing contributing to the dominance of trees of lower stature [89].
High grass yield in high rainfall years can lead to intense fires as grasses become desiccated during
the dry season, which may in turn impose a strong demographic bottleneck on tree establishment
and recruitment by increasing mortality of seedlings and saplings [96]. In addition to identifying the
primary anthropogenic causes of fire, careful implementation of controlled fuel load reduction fires or
thinning in areas identified as significant fire hot spots may present a useful tool in the management of
the Chobe District’s forest resources. In high rainfall years, shifting a proportion of fires to the late
summer wet season or earlier in the dry season could be another means to reduce the frequency and
intensity of dry season fires and limit fire spread in managed forest reserves [89,97]. Natural resource
managers will need to carefully consider the impacts of fire season, frequency, and intensity, in their
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fire policy development, as these factors can significantly influence vegetation cover at a range of
growth stages, in addition to affecting other aspects of biodiversity [89,95]. Understanding of the
complex spatial interactions between fire, vegetation dynamics, human and wildlife activities, and
climate drivers in dryland savanna will be essential to developing greater predictive capacity and
improving adaptive fire management strategies.

4.5. Limitations

In this study, we used a hybrid unsupervised ISO Cluster supervised maximum likelihood
approach to classify land cover based on contextual knowledge [98]. Our use of PCA helped
reduce spectral overlap and redundancy of image data, which has been shown to improve model
discrimination between vegetation and bare ground in savannas [99]. While the overall accuracy of our
classification was 86.7% (95% CI 0.843, 0.888) with a Kappa coefficient of 0.832, it is important to note
that any land cover classification will contain error, and this is particularly true for semi-arid savanna
systems where environmental variability creates a mosaic landscape of diverse plant community
assemblages [62]. Our classification targeted broad scale LCC patterns at decadal time scales; hence,
we may have failed to detect patterns occurring at a smaller scales, such as shifts in woodland
community structure or functional diversity. To overcome these limitations, very high resolution
satellite data may be used to extend and improve the existing analysis [100], particularly within
the narrow riparian zone of the Chobe River. Use of spectral unmixing methods in combination
with hyperspectral data has the potential to improve classification accuracy in structurally complex
landscapes [101]. We did not examine potential interactions between elephants and fire, variations in
fire intensity, or specific anthropogenic forcings on woodland loss, and future research may focus on
integrating multi-disciplinary approaches, such as analysis of stakeholder interviews and additional
field observations [102] to provide further information on potential drivers and impacts of LCC in
northern Botswana.

5. Conclusions

We classified multi-decadal changes in land cover in the semi-arid Chobe District in northeastern
Botswana using post-classification analysis of Landsat datasets from 1990, 2003, and 2013. We observed
a long-term trend of decreasing woodland cover and increasing shrubland. However, LCC was not
strictly linear in nature, with substantial spatiotemporal variation in land cover trajectories across the
study area. Grassland and bare/impervious cover, in particular, increased from 1990–2003 but declined
substantially during the subsequent time step. MODIS active fire detections varied greatly year to
year and among the different protected areas, with the forest reserves and communally-managed
lands tending to burn more frequently than the Chobe National Park. Fire frequency increased in
years of high rainfall, particularly when annual rainfall exceeded the long-term MAP of 632 mm.
However, loss of woodland was significantly associated with fire only in locations experiencing 15 or
more ignitions during the period 2001–2013. Although elephants are often cited as a major cause of
woodland degradation in northern Botswana, we did not detect significantly higher woodland losses
in areas of high elephant biomass estimated from aerial surveys.

Changes in fire frequency as a result of increased climate variability across the Southern African region
may have profound effects on the distribution of woodlands in savanna systems. The Chobe District’s
transitional location between more arid and mesic climate zones makes it an important model system
for the study of the role of disturbance in mediating tree-grass dynamics. Our analysis contributes to
improving understanding of long-term land cover changes and savanna ecosystem dynamics, in particular,
fire effects on woodland cover stability. The wealth of ecosystem services provided by semi-arid
savannas in Southern Africa, coupled with their vast land area, further increases the importance
of satellite remote-sensing for monitoring disturbance and change in both naturally-functioning and
human-impacted ecosystems. Given the dynamic nature of LCC in the region, land managers should
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take a long-term approach to understanding change dynamics, in order to correctly identify and isolate
emergent threats to vital natural resources and rural livelihoods.

Supplementary Materials: The following are available online at www.mdpi.com/2073-445X/6/4/73/s1,
Tables S1–S4.
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Abstract: This article asks how Nyangatom pastoralists currently make sense of the past, present
and future of their pastoralist livelihood. Nyangatom pastoralists, like all agro-pastoralist groups
in southern Ethiopia, are faced with enormous structural changes in their immediate surroundings,
primarily due to large-scale industrial agriculture and a government policy encouraging them to be
sedentary. While the impacts have been discussed elsewhere, thus far little focus has been placed on
what images of the past, present and future these changes create among the Nyangatom. This article
pays attention to these changes by highlighting the results of a larger qualitative study. It becomes
evident that discourses of modernity and culture are translated into the everyday lives of Nyangatom
herders. While the past is constructed as a cultural/traditional time by the older generation, an image
of modernity shapes the present life of younger generations. The administration plays a contradictory
role in transmitting modernity ideals. The future of the Nyangatom is envisioned as a modern
pastoralism, yet there is general pessimism with regards to pastoralism persisting.

Keywords: pastoralism; Ethiopia; South Omo; Nyangatom

1. Introduction

Pastoralism in Ethiopia is practiced on more than 62% of the national land categorized as arid
or semi-arid rangeland [1]. There are about 10 million pastoralists and agro-pastoralists in Ethiopia,
which is about 15% of the Ethiopian population, with their numbers rising and their rangelands
decreasing [2]. Most of them live in the lowlands of Ethiopia.

Globalization and its inherent commercialization and commoditization processes are affecting
pastoralist livelihoods in Ethiopia in numerous ways. Even though pastoralists have always been
involved in trading, exchanging and bartering, the pressure to diversify their livelihood has never been
as strong as now [3]. This is likely to increase in the coming years in Ethiopia due to the government
strategy to encourage pastoralists to “pursue sedentary life with diversified and sustainable income” [4]
as well as pressures related to large-scale agricultural development. Yet there are no numbers
on how many pastoralists receive some form of income from their livelihood and how many are
still self-sufficient.

Scholars have argued that increasing commoditization and privatization processes are changing
concepts and systems of production, consumption and distribution in pastoralist societies.
Anthropologists highlight how the symbolic meanings of objects are also changing due to the changes
in the pastoralist livelihood [5].

The Nyangatom woreda, home to the Nyangatom pastoralists in Ethiopia, is located in the Lower
Omo Valley which is situated in south-western Ethiopia in the Southern Nations and Nationalities
Peoples Region (SNNPR). The SNNPR borders South Sudan in the west, Kenya in the south, the Ilemi
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triangle (a region claimed by Ethiopia, South Sudan and Kenya) in the south-west and the Ethiopian
regions Gambela and Oromia in the north-west and north and east.

As the name proclaims, the SNNPR is the most ethnically and culturally diverse region of Ethiopia,
and 56 ethnicities live within it. Of these, 17 groups are pastoralists and agro-pastoralists. Originating
in the central Ethiopian plateau, the Omo River runs across the SNNPR before spilling into Kenya’s
Lake Turkana [6]. The Omo River is very important for the pastoralists and agro-pastoralists in
the region, structuring wandering paths and flood retreat cultivation in accordance with its annual
flooding. The pastoralists and agro-pastoralists living in the SNNPR include Hamer, Kara, Mursi,
Nyangatom, Bodi, Tsemai and Dassanech, among others.

The Nyangatom live mainly in South Sudan and Ethiopia along the northern part of the Ilemi
triangle. In Ethiopia, they inhabit the eastern side of the Omo River and the northern part of the
seasonal Kibish River. Their population is estimated to be 30,000 in Ethiopia and a similarly high
number in South Sudan [7]. The administrative center for the Nyangatom woreda is Kangaten, which
is located on the eastern bank of the Omo River and has just been connected to the other side by
a bridge and is urbanizing rapidly. Their mother tongue is the Nyangatom language.

Ethiopia wants to stop importing sugar. It also wants to increase its production seven-fold
in order to eventually export half of the total amount of sugar. All of the “additional land” for
sugar plantations is situated in South Omo and alongside the Gibbe III dam by which it shall also
be irrigated [8]. The Ethiopian Omo–Kuraz Project [9] states: “The project will have a total area of
175,000 hectares of land for its sugarcane cultivation. This wide area will get its water supply from
the Omo River through a diversion weir which is under construction with 381 m width and 22.4 m
height.” Sugar cane is a crop that requires a lot of water. The sugar plantations will, therefore, further
exacerbate water scarcity issues. The currently constructed and future plantations are all located on
sites that are crucial for local pastoralists, including the Nyangatom pastoralists. The Gibbe III dam is
a highly disputed and politicized megaproject. It is the third in a series of hydro-dams constructed
in recent years. Upon completion, it will be the tallest dam in Africa, with the biggest hydroelectric
power plant attached to it. The tentative completion date of the dam was 2015, but heavy delays
have characterized the project thus far. Gibe III was designed to produce electricity and export half
of the power to neighboring countries. Construction began in 2006, and as the NGO International
River writes, included “flagrant violations of Ethiopia’s own laws on environmental protection and
procurement practices, and the national constitution” [6]. The Gibe III dam is also a cross-border
issue, as Kenya’s World Heritage Site Lake Turkana is affected. According to estimates, the water
level of the world’s largest desert lake will drop by two meters in the first year already, its salinity
levels will increase and negatively impact the fish stocks of the lake [6]. Therefore, a political dispute
between Ethiopia and Kenya has arisen, with Kenya asking for compensation for the impact of Gibe
III. This dispute also affects Ethiopia’s pastoralists such as the Nyangatom. As Ethiopia prefers not to
challenge Kenya on the cross-border pastoralist conflicts between the Nyangatom and the Turkana,
the Nyangatom are left without governmental recognition of cases of cattle raiding and killings which
happen on a regular basis. Faced with the very rapid transformations of their livelihood highlighted
above, Nyangatom pastoralism in Ethiopia is under real threat.

What has not been looked at thus far is how—confronted with these facts—the Nyangatom
pastoralists create different images that characterize the way they make sense of their past and
their future. After presenting the methods that lay the foundation of this article, I discuss how
the past is constructed as the “cultural times”. This will be followed by ideas about the future,
“modernity” and how that links to Nyangatom culture. Afterwards, I discuss the Nyangatom’s hope
for a compromise between modern and cultural identities. I also discuss the role played by the
employees of the local administration, which still consider themselves pastoralist. This includes the
analysis of symbolic meanings of objects and practices that are changing due to the changes in the
pastoralist livelihood.
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2. Methods

This article is based on empirical qualitative research done throughout my time as a PhD fellow.
Qualitative data analysis is an iterative and self-reflexive process which was supported by atlas.ti to
analyze interviews and develop codes and categories. In my empirical research I combined open-ended
interview techniques with participatory observation techniques. I did formal and informal interviews,
used exploratory research techniques including informal focus-group discussions, and analysed
research diaries made in the course of my field work. I kept adjusting my ideas in the course of the
process, re-interpreting my work as I went along. The basis for this article are eight formal interviews
with elderly male and female Nyangatom and four interviews with members of the Nyangatom
administration, all male, as well as numerous background and informal participatory observations
and informal interviews. I concentrate on the inclusion of field material (interview segments) that was
collected and analysed between 2011 and 2015 in the Nyangatom woreda.1 All names are anonymized
in order to protect the privacy of my interviewees.

In the analysis, I focused on the categories that evolved naturally from my empirical material.
Here, I used classical data analysis approaches such as that of Mayring [10] and Quinn Patton [11],
where categories are built through the inductive analysis of the data. Mayring’s data analysis classically
comprises 8 steps which, however, I did not follow strictly but instead combined with grounded theory
analysis techniques [12] where I gradually viewed my data and related the content to these categories,
which often led to a re-adaptation of the categories or the creation of new categories altogether [13,14].

With regards to language, I was not able to translate the interviews myself. Even though I did
learn some local vocabulary in order to engage in polite small talk, no interview was possible without
a translator. My translator was a local educated Nyangatom working for an international organization
who had already accompanied some researchers in their field work and was thus experienced with
different research techniques as well as translation-related issues. We reflected on each interview
afterwards, which served to clarify the content of the interviews as well as ensuring a cooperative
working atmosphere. Even though, or maybe because, his English was not the strongest, I always felt
like he did his best to translate as close to Nyangatom as possible as well as explaining or paraphrasing
symbols that I would not understand after the interview. In the transcription, I left the English the way
it was, as that seemed most authentic to me and, upon editing request, adapted small parts for general
understanding. I then used footnotes for clarification.

With regards to his influence on the work, I had the impression that he was respected by
the pastoralists and also did not have any relevant political associations, as he was working for
an international organization at that time. Yet with his modern clothing and education he represented
a pastoralist who has “left the culture”. Needless to say, matters might have been said differently to
me if I had conducted the interviews by myself.

Underlying the idea that power and knowledge are inseparable, science has, on many occasions,
not been neutral but has served to legitimize power structures within society [15,16]. Gender studies
has spent a significant amount of time developing methodologies that place the analysis of power
structures, e.g., between “the researched” and “researcher” within research as opposed to rendering
it invisible [16]. Accordingly, the way the researcher moves within the research field is also political.
Even the manner in which research is conducted influences and often legitimizes already existing
dimensions of power.

As Do Mar Castro Varela [17] argues, the researcher tends to gain prestige by conducting research,
while the “objects of study” generally suffer a loss in terms of energy and time invested. Being shaped
by these strands of research, I was acutely aware of aspects of power and prestige within my research
procedures due to European and white privilege. Needless to say, I sometimes felt uncomfortable in

1 Some of the interview excerpts can also be found in my dissertation Blau, J. (2018: forthcoming).
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the interview situation with pastoralists confronted with my own positionality and the issues with it.
Amina Mama writes about intensified objectification here:

“The danger of such work is that of our intensified objectification, to use Fanon’s term.
By this he meant the process by which our reality is constructed by others (oppressors in the
colonial and neocolonial contexts), to serve their psychological and political needs, and then
projected on to us and internalized. In a context where our own interpretations and accounts
are as yet largely unpublished, others become the experts on us, and this monopoly on
knowledge about us must be seen as imperialistic. While some of this knowledge may be
well researched, much of it is partial and particular, and does not serve our interests as
a group, or our psychological and intellectual development. All that imperial feminism has
meant here, is that it is European (and North American) women’s preoccupations rather than
those of men which have come into vogue [18].

Below I outline a few dealings I found with these issues. I was also influenced by the research
of Nadig [19], who writes about how transferences by the community of research can always be
informative about certain conflicts within the community of research and vice versa. In that sense,
I attempted to use all the projections that were made towards me for my research and vice versa to
assess my own projections.

In line with Tuana’s [20] concept of “location for the text”, which argues that one always needs
to critically assess whom a text addresses and whom it speaks about, I emphasize the incorporation
of many segments of my interviews in the hope of transmitting how the larger sense of pastoralists
losing their livelihood to modernity translates into the everyday. While there remains a strong and
fundamental asymmetry between me as a white researcher using my findings for an international
academic audience, I intentionally include as many ‘voices’ as possible as well as making my discursive
interactions transparent. Keeping in line with Schutte’s cautioning that perfect translations are
not possible between culturally differentiated subjects, I have refrained from structural language
corrections within the translations of interviews that were made by the translator that I worked with
and insist that element of incommensurability always remains [21]. This includes sticking to terms
such as “cultural” and “modern” not because of academic discourses but because they emerged out of
the data. It implies making texts as understandable yet keeping them as authentic as possible.

3. The Past Was the Cultural Time

For the Nyangatom pastoralists, modern life is seen as something coming “from the outside”.2

Outside here refers to a blurry mix of Ethiopian highland urban culture and “Western” practices.
By contrast, the Nyangatom speak about their customary habits as cultural habits. The word for
cultural in Nyangatom language is “Etal”, which my translator insisted to be the same as culture even
though in some instances traditional seems fitting as well. Upon asking him what the difference is
between cultural and traditional, he said:

Translator: “Traditional doesn’t fit to the meaning of the Nyangatom. And I don’t really
know the real definition of traditional, I only know it when it goes with the sentences, for
example: ‘do it in a traditional way’ so is this the same as ‘do it in a cultural way?’ Or they
are different? That is why I don’t see the real meaning and the difference.”

In trying to stay as close as possible to the local language and its translation, I am therefore using
the word cultural. Just like the idea of modernity, my emphasis is on the way the Nyangatom use
and interpret this word. While members of the older age sets3 describe themselves and their practices

2 “Brackets” refer to codes that were developed during data analysis, many of them in vivo codes.
3 The Nyangatom organize themselves according to age sets which structures roles, responsibilities and rights within

the community.
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as cultural, they portray the younger generations as tempted by modernity. This coincides with any
description of life in the past being highlighted as the “cultural time” and the future foreseen as
a “modern life”. Customary habits remain, in that sense, with the elderly generations. The past is also
constructed as the time of the “real Nyangatom life” and the future as a distortion of that through
modernity. This is often illustrated through a depiction of the everyday.

Lokamusio (male, elder, pastoralist): In the past we did things differently. Normally the
Nyangatom, they have a special way of sleeping. You sleep and then the stick4 will make
you sleep a deep sleep but also wake up in the night and see what is going on. But nowadays
the children do not want to take this one anymore. They are sleeping deep sleep like the
women do ( . . . ).

The past is seen as a time in which even sleep was “better, more pastoralist”. Waking up in the
night or sleeping lightly is a responsibility of the male herders in order to watch out for theft and
threats by wild animals. Modernity is described as changing this everyday practice with men not
taking this responsibility as seriously anymore. Older generations become the practitioners of pastoral
obligations and therefore need to make a point of preferring it and thereby safeguarding it. This can be
seen in how Nakaale finished her interview with me.

Jill: Thank you so much. I am finished with my questions. Is there anything else that you would like
to add?

Nakaale: (female, elder, pastoralist): No ... there is not . . . (silence) Hmmm . . . . (silence)

You know there is something that I would like to add. Most of the time what I like is the
cultural things. I don’t want to cook my porridge with the modern pot, I want with the
cultural one. Even if you don’t put salt or something, it tastes good with the cultural pot.
And there is the transportation, if we want to go far, far away we want to put our luggage on
the donkey. And then these things are good. You know instead of sleeping on the ground,
I saw that yesterday he (Note of author: referring to a young male herder) was sleeping on
a mat. That is not good for me, it is burning me. It is good to sleep with the skin. And then
you look good, like a pastoralist, and then you put your leather here and butter there and it
is a good look, the cultural look.

Nakaale also stresses how sleeping in her way is still good for her. She highlights how one looks
beautiful as a real pastoralist and how being connected to the ground actually makes one look like
a proper Nyangatom. This is a very literal depiction of something coming “in between” the former
and the current livelihood of pastoralism. Toro also speaks of another everyday practice, eating.
Milk, the essence of cattle herding, features heavily in the diet and is sometimes referred to as the
“pastoralist gold”.

Toro (female, elder, pastoralist): They (author’s note: pastoralists in the past) had
a good-looking style, a good posture because of the milk. A real pastoralist has to eat
porridge with milk, has to eat porridge with butter, has to eat several types of meat, like there
is the fresh meat, there is the dried meat, there is the meat mixed with butter, in the pastoral
way of life. But now if you could travel somewhere . . . then there is porridge, but there is no
salt, there is no butter, just simply . . . they will eat simply like that. This is why I generally
say the past pastoralist was better. Now it is mixed up, with the changes. Now the things are
changed with Nyangatom.

4 Some Nyangatom sleep with a stick in their hands and/ or with their head on a wooden stool.
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The disorder within livelihood and cultural practices is perceived and described through the
changing of recipes. Older pastoralists speak negatively about modern foods and also consider the
weight gain of the younger generation as a consequence of new eating styles. Just like the sleeping
habits, transformations in eating as an intrinsic everyday practice characterizes the depth of the
structural changes and the way they are being evaluated. Some interviewees like Toro also make
a particular point of highlighting that they “used to look different” and in fact were more beautiful.

Jill: How would you describe the situation of women specifically?

Toro: You know, I compare again with the past. When we were married, luckily I was
married in the good times, when a married woman had four leather skirts reserved, she had
decorations to put over her head, and she had feathers, rings everywhere, and butter here,
good and shiny beads.5 Then she was healthy, she could jump. Whenever she moved,
you could say: “There is a real Nyangatom woman”. You know there was something, if you
make a hole here (author’s note: by the teeth) and then you put decoration on. And then she
would have the small chains on the ears (author’s note: earrings).

Then even their husbands would have metals up to here (author’s note: bracelet), they would
be very nice, because this showed that he was a rich man. And then whenever he would
come home, he would do this (shows a movement of bracelets rattling), so that he comes
home. The woman, they could work with a lot of things, milking the cow, a lot of joy with
the women. And while she would do that, the husband would make a sound.

Everyone, even the children, were happy.

But right now, the men are moving without having this one (author’s note: bracelet),
the women stopped wearing skirts—look at me now, I am not wearing one and nothing
could make me decorate myself with the skirt, with the cattle. Now everyone is moving
about without having these cultural attributions.

And now even the husbands of the Nyangatom, they don’t wear feathers, they don’t wear
skirts, nothing.

You know, this is because they were right, they had cattle, their cattle were productive,
they could produce butter and milk, and so they were sitting as a rich person, the past ones,
but now ... Maybe you will interview some of them, they are working hard just to survive.
They don’t have any decorations, they don’t even look like pastoralists. So these clothing
styles are mixed. I can say that the past and now is not uniform.

This quote of Toro’s illustrates many in-depth matters which can be examined. The “cultural
look” is what made the Nyangatom “real and beautiful”, and this realness is in turn related to gender.
As also stressed in the first interview segment, “real” men and women are those older ones, those that
still know how to be pastoralist. This is in line with a societal organization in which the oldest
have the most authority and responsibility. But it also means that young people’s gender roles are
weakening or degenerating in the eyes of the older generations. The richness of wearing cultural attire
is, furthermore, connected to an understanding of wealth: whereas the older generations see being
a real pastoralist—to look, sleep and eat like a pastoralist—as a wealthy man/woman, the younger
generations seek wealth elsewhere and start to view pastoralists as poor and deprived in a way that
was not evident before. In that sense, it is a confrontation of value systems in which the modern
choices of the younger people are not seen as relevant for their parent generation. The mix of clothing,
like the mix of recipes, symbolizes a mix-up of livelihood strategies. Yet it is clear for everyone that the
“modern life” will be the dominating paradigm for the future.

5 Butter is also put on the bodies for skincare and beauty.
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4. Modernity is ‘Coming Inside’ Pastoralism

Jill: How do you see the future of your children?

Lokamusio: Nowadays the children have their own thoughts. Sometimes I compare the life
and say: Maybe this life is pushing the people towards modern life. People like Etuk (note of
author: points to my translator) go to the village and then everybody wants to be like him.
So in this case, I do not know. (silence)

So I can say, like my wife told you, some of my children are in school. Sometimes in the break
they come back home, and then the ones that are left at home will start mumbling: “I should
go to school”. So I must say: “If they quit pastoralism, they quit”. Then me as an old person
I have to take care of the cattle. And then maybe the cattle will be disappearing. Because I
will be dead and they will be in school and there will be no one to take care of the cattle.

As Lokamusio describes, modernity is perceived to be like a magnet, symbolized by certain
people who encourage others to go to school and quit their previous lifestyle. It is understood through
items such as mobile phones and clothing like jeans and shirts. It attracts the younger generation away
from the cattle. Having no one to take care of the cattle any longer means the end of pastoralism.

Nakawo (male, elder, pastoralist): But here in Nyangatom we are backward. Now everyone
wants to be in the new things, fast fast. Nobody gave us a background in these things.
Now the fashion came and everyone wants to be modern.

The Nyangatom, older and younger, who are still practising pastoralism, tend to label themselves
as backward. By doing so and constructing the past as the time of the real pastoralist, they are situating
themselves in the past; thereby foreseeing the end of their livelihood and devaluing it. “Fast, fast” here
indicates the quick changes of a livelihood strategy from one generation to the next. Fashion is hereby
very symbolic, as it is a literal depiction of the physical attributions of Nyangatom becoming invisible.
With Western clothing, it is harder for locals to understand which pastoralist group/ethnicity people
in South Omo identify with.

The key driver of modernity, however, is not perceived in fashion or food but in school.

Ngaye (male, middle-age, pastoralist): But I fear that our children will be educated, some of
them will be even missionaries, some of them will be this or that. So I do not know about
our cattle. I am afraid that this pastoralist life, it will not continue. But maybe we will see
with time. If their time is good, let it be. But what I see myself is that school is put into the
mind of the people.

Education plays a special role in the immersion of the Nyangatom pastoralists into sedentary
livelihoods. Training for older age sets is provided by the government as well as elementary and high
school for the youth where more than half the Nyangatom population now attends. Once a child is
sent to school, they “will become modern”, meaning that they will adopt the habits discussed here.
For a while it was predominately boys that were sent to school, but female attendance is increasing.

Jill: So how do you see the future of the Nyangatom?

Toro: You know, the school, let me start with the school ... the school is built beside the village
. . . in every village you can find a school. And then the government officials, they would
come and say: “Take your child to school”. Most of them are in school now. There is a lot
of training being given to the pastoralists. Like for example, us now, we are going to have
a “harmful traditional practices training”. And you know, it’s not only me, it is all of the
pastoralists. The training will continue like this. And the school is there. And our trained
officials, they are dressed well and they want to educate themselves. So in the future, I do
not think pastoralism will exist.
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The government is rapidly building schools and enforcing training programs in the Nyangatom
woreda with lasting impacts. The children’s school education prevents them from acquiring
cattle-herding skills in as much depth as their parents’ generation did. As Toro highlights above,
it is also about introducing new value sets and practices among people, such as eradicating some
of their habits labelled as harmful/traditional. Linking the words harmful and traditional also
seems to coincide with the idea that traditional practices are backward, as mentioned earlier.
They create a devaluation in which the traditional gets associated with harmfulness and thus is
in need of transformation

Lokeyn (male, middle-age, pastoralist): During our fathers, our fathers are very great in
looking after the cattle. During the time, they transfer this to us. They have been keeping
things like that. But nowadays the school thing came and everyone is going to the school.
Even my children. They refuse suddenly . . . and go to school. Whenever you want to take
him back, the government says: “No, let him stay”. So I think either the animals, sheep and
goats will be finished by selling or finish with this environment, because no one will take care
of them. So this is Etuk’s (author’s note: my translator) generation. If they are happy to look
after the cattle, they are happy. If they are happy to go to the school, this is their problem.
But in our case, we have been taking care of our cattle since our fathers. Etuk’s generation,
they want to go to school, they want to be educated. So I do not think the cattle will be
surviving. They will not survive. Even the animals will not survive.

As one can see in this quote, the relationship between schooling and the end of pastoralism is
clearly stressed. Yet the Nyangatom also have visions for compromises in which their livelihood can
continue somewhat, despite the challenges to it.

5. Hoping for a Compromise, a Mix between Modern and Pastoral

Many of the Nyangatom I interviewed nevertheless dream of a future in which they can take
the best of both past and future livelihoods. This is described as a life in which modernity and the
“cultural” combine to benefit the pastoralists. A lot of parents have compromised by sending half their
children to school and keeping the other half “in the village”.

Nakawo: In fact I was in Yabello 6. There were a lot of pastoralists from the world that
shared a lot of information. So I heard in the world there is someone who builds this kind of
house (note of author: makes a drawing in the air that is meant to illustrate a more urban
house), but he has cattle, sheep and goats and camel. And then the person who was like this
was a herder, and educated. He goes to school and then looks after the animals. So they are
sharing the culture, the traditional and the modern one.

Lokeyn: The reason I put one in school and one in herding is because I thought that the
school-goer will help me with two things, with the modern things. For example, if my
parents are sick, then they will help taking them to the hospital. Whenever my cattle are
sick, he will buy me the drugs for the animals. So I will use him as a help in town. If we are
hungry, he can buy food, he can assist me with the money. Then the pastoralist son can help
me with the cattle and with the cultural things. So both of them are useful for me. This is
why I split them up, my sons.

Lkirito (male, middle-age, pastoralist): I have two options. One: putting them in school;
Two: sending them far away to mind the animals. I will be in the middle. For me, no matter
for me, I will give them a role, benefitting from this one and then from this one.

6 Here, Nakawo is referring to an international pastoralist meeting that took place in Yabello, Ethiopia in 2006.
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What becomes evident is that the idea of sending one child to school is nevertheless often
evaluated from the standpoint of the pastoralist: An educated child could have money for medicines
for the cattle. One could try to benefit from both, in order to maintain pastoralism. Pointing to this
imagined future is not to undermine the hardship that the effort of even creating a vision creates for
the Nyangatom pastoralists in the face of their current challenges. The interventions of modernity, be it
through changes in food, sleep patterns, fashion, formal education or government policies in general,
are experienced as an intrusion—as something that destroys the Nyangatom livelihood from “inside”.

Lolamai (male, pastoralist, herder, middle-age): “You know, it is hard for me. Because cattle
is everything for me. And if I lose cattle, I do not know. Maybe I will advise my children not
to lose the cattle. To have more than one life. To have modern life and pastoralist life together.
Not to lose all the pastoralist life. Just to have it together. This is what I advise my children
[ . . . ] You see, you are interviewing me. I am a herder. It is good. If you come again and
interview my child, you will not get the information I am giving you. Never. Because the
government is coming inside the pastoralists. Inside. This fashion, this modernization thing,
is coming inside the pastoralists. Everyone wants to have mobile, wants to eat injera and
foods like this, wants to wear clothes, everything is coming inside. So I am afraid that your
child will not get enough information about herding from my child. I am afraid that my child
will be, you know ... he will be in school, he will be somewhere. And then pastoralism is
over, I can say like that. Maybe there will be someone. Maybe one of my children will listen
to me and they remain as a pastoralist in a far place, far place. But most of them, I think,
they will not continue this life.

In that sense, the hope of finding a way to adopt the modern life while at the same time sustaining
what is important to the Nyangatom pastoralists must be understood as a compromise; as a hope
in the face of challenges that are not perceived as resistible—and as a response to: “I am afraid that
pastoralist life, it will not continue”. Some Nyangatom have also moved to South Sudan because they
believe it is easier to continue a pastoralist life there than in Ethiopia.

6. Even the Administrators are Pastoralists

With the increasing number of educated Nyangatom men who work in the administration and
are thereby seen as representing modernity, it was interesting to see whether they still considered
themselves pastoralists.

Jill: Do you have cattle also?

Administrator 1 (male, middle-age, formally-educated): Yes, I have. In my father’s place.
I have cattle, sheep, donkey.

Jill: Who is taking care of them?

Administrator 1: My father. You know, because my father has five women, he married
five women, my brothers are there. They take care for that. They come to me if they want
medicine, anything for the car, I buy for them.

Jill: Now I understand a little bit better. One thing that would be interesting for me, would you call
yourself a pastoralist?

Administrator 2 (male, formally-educated, middle-age): Really. Definitely I am a pastoralist.

Jill: So what makes you a pastoralist?

Administrator 2: You know, I know even, not only here. From here to another side, we are
known by pastoralists. I have animals like cattle, goats, sheep. So, in this case I am really
a pastoralist.
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Even formally educated Nyangatom possess cattle and small ruminants which some family
members in rural areas are taking care of. They also consider themselves pastoralist. Yet, at the same
time, those working in the administration (must) replicate the idea of “changing” the pastoralists.

Jill: And how do you see the future of Nyangatom land use?

Administrator 4 (male, Nyangatom, formally educated): According to my personal aim,
I wish, if I wish that all the Nyangatom area would turn to farming. Because as I told you in
the first question, our aim is to change our community to live in a good situation. So, farming
can change their lives. It can decide if they eat once, twice or three times a day. This is
my personal belief. According to the government strategy plan, this is also their one point,
their one aim for change. Also to use the Nyangatom land for investment, not by casting
them from their area, not by ignoring their cattle: side by side. The government can use half
of the land for investment and for factories and half of the land for pastoralists’ animals.

The idea of change is justified and explained by an improvement of the situation for the
Nyangatom. However, from what has been described earlier, many of those still practicing herding
see the change as defined by the governments’ strategy as a sign of more and not less poverty.
The villagization strategy of the Ethiopian government is directly aimed at transforming the livelihood
of pastoralists towards becoming settled, by “wanting to change them”. The strategy was still in its
early stages during the time of my research. It was beginning to take form in the Nyangatom woreda
through four established “villagisation” villages, with the relevant infrastructure officially consisting of
traditional houses, access to water, schools and medical facilities. With these villages, each Nyangatom
household is allocated their own piece of land of up to five hectares and additional land for cattle.
The Nyangatom sometimes stressed how they were still waiting to see any changes themselves, as Toro
and Lobuti illustrate:

Toro: So, we didn’t experience the sugar and some of the infrastructure. But we are waiting
to see how they change. But the government officials, they say that it will change you. So we
are waiting for it, whether it will change or not.

Lobuti (female, middle-age, pastoralist): You know, for me they have been telling me that
whenever there is the sugar factory here, there will be given grazing land and irrigation.
So if it is like this, we accept. Because if the sugar factory is not touching grazing land, and if
there is additional land given to us for cultivation and irrigation, I accept that idea.

Whereas both the official policy of the Ethiopian government and the interviewed public servants
reason that these changes will bring an overall improvement for the local population, the “Lands of the
future network”—a network involved in critical pastoralist land-use research especially in the Horn
of Africa—evaluates the Ethiopian government’s strategy as a voluntary, but actually forceful, policy
and relates it directly to the sugar plantations as follows: “A good example of how not to go about the
displacement and resettlement of pastoralists is provided by the river-basin development in Ethiopia’s
Omo Valley. The Omo has long been seen as a river with an excellent hydropower and irrigation
potential. It has been estimated, for example, that, once the river’s highly seasonal flow has been
regulated by hydropower dams in its upper and middle basins, over 50,000 ha will become available
in its lower basin for reliable large-scale irrigation development [ . . . ]. In fact, the Ethiopian Sugar
Corporation has now begun developing an area more than three times this size, in anticipation of the
completion by 2015 of the Gibe III hydropower dam. Known as the “Kuraz Sugar Development Project”,
this will eventually equal the entire area currently irrigated in Kenya. Thousands of agro-pastoralists
are already being evicted, by government fiat, from their most valuable agricultural land along the
banks of the Omo [22]. As stressed in this depiction, the participation level in any of the changes
involving the lives of the Nyangatom is minimal and coerced. The administration employees would
rather insist on all the advantages being brought about. For example, they emphasized that the
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infrastructure was one of the main advantages of the pastoralists living in the villages established
through villagization.

Administrator 1: Actually in our woreda, we have the strategy to have the Nyangatom
people come to one place. This is what we call villagization or re-establishment. Because of
that, there is a kind of movement in our people. So they move from place to place. In this
case, we want to have these people in one permanent place. But for the cattle and the
goats, they can move like this, no problem. Because they have the young boys like this.
So for the old women, they must stay in one place. Because when they stay in one place,
the government will build the school there, a health centre there. Then they will give them
the land for farming, yeah. The government will build all the infrastructure, even water,
there. So this is our fast plan or strategy for them.

While my emphasis here is not on the assessment of the various “change agendas” taking place,
I wish to highlight how the administration often spoke in contradictions. They would stress how
Nyangatom cannot continue to live as they do, and yet make sure to reclaim their own pastoralist
identity. They would speak about “these people” and yet insist that they were one of them. They would
speak about themselves as part of the government and then insist on a distinction between their
personal and the government’s strategy—as the job comes with a lot of conflicting demands on the
individuals who, themselves, grew up herding. The administrators would promise prosperity through
sedentarization, yet the pastoralists hold a different understanding of prosperity.

The underlying proposition of the public servants would often be that, whatever the government
wanted, the local Nyangatom would eventually understand because it was “reasonable”. “Eventually
they would like” whatever changes would be brought about, one just needed to “discuss”.

Jill: How did they react when you spoke about the village?

Administrator 3 (male, Nyangatom, formally educated): Yes, they accepted very much,
because, as I told you, we have a lot of infrastructure. You know, they cannot walk 100 km,
200 km, so, for them, we want them stay in one place. We let the cattle outside, we want the
young people to move, no problem for them because of grass and water.

What seems important to highlight in this context is that the villagization villages were seen by
the local population as something provisional. This becomes evident through phrasing which depicted
other places as their home while officially living in a villagization village. Home was specifically the
place where their cattle was located, as illustrated by this interview:

Amareng (young, female, pastoralist): You know, from X I moved first to Kangaten7 first
because I needed food. So I and my husband we settled here in some place. And then from
here we shifted to Y (Note of author: villagization village).

Jill: Why did you move there?

Amareng: You know the people say that if you build a house, you will get food.
And remember I came from X looking for food. So I say okay, there is something here.
So let me move to these people and then make my house so I can get food.

Jill: So if you compared your life in X and in Y, what is good about life in X, and what is good about
the life in Y?

7 Capital of Nyangatom woreda.
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Amareng: It’s different here in Y. Back in X, we watered the animals, and some of the
neighbors are different. Also the activities that I used to do there in X in the home, it is not
normal to do those here.

Jill: So maybe you can tell me about a normal day in Y from morning until evening?

Amareng: You know, in the morning I wake up early and grind. Look at my hands, the hard
skin. (laughter). You know you grind early in the morning, you fetch water, you make food
for your husband. Then you collect some firewood. You make the house clean, you go from
here to there, this is our normal work.

Jill: But this is also what you did in X, right?

Amareng: Yes, it is the same.

Jill: So what is different now?

Amareng: The one thing missing is the watering of animals, making fences for the animals,
milking them. The activities with the animals are the ones missing.

Jill: So do you like living in the new village?

Amareng: I am not happy about living here. I will go back to my village.

Jill: Why?

Amareng: Or I will make two houses. One with my animals, so I can see how they are doing,
and one here to this village.

Jill: So what makes you not happy about the village?

Amareng: Just animals. It is still living. No problem with that.

What Amareng describes is a situation in which a home is seemingly created in one place in
order to receive food aid. But the place is not really accepted as a home or seen as a long-term
residence, especially because it is not the place where animals can do well. This inner image can also
be interpreted as an act of resistance, as it shows that government agendas are complied with for their
own purposes/needs but not internalized or interpreted as the government would like it.

7. Discussion

As I have shown, the Nyangatom are in a process of deep structural change with regards to their
life. This impacts the way they present and define themselves just as much as these identifications
are fluid and contradictory. Lange, when looking at the philosopher Dussel, writes that: “modernity
justifies an irrational praxis of violence, despite its ideal of a discursive community in which coercion
is unacceptable”. First and foremost, Europe understands itself as more developed, its civilization
superior to others [23]. While the idea of Europe as the “modernity haven” is not applicable in
a context in which the sedentary Ethiopian society and a more abstract idea of “Western” represents
modern, what is applicable is the colonially charged discourse between modernity and how it is used
discursively as a justification by the state to implement new ways of living as more “reasonable”.
What has also been shown is how this co-exists with notions of superiority of the modern, sedentary
ideal. This notion in itself is contradictory, as coercion to the more “reasonable” will lead to
subordination and, eventually, a sedentary poor, as is the case for many urbanized pastoralists [24].
Settling comes along with an arguably increased state of dependency on the state and the cash economy.

Barker speaks about the enlightenment ideal as an ideal of innocent knowledge: “an ideal
that masks the instrumental role that development has played in maintaining global structures of
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neocolonialism and dependency. Instead of progress and prosperity, much of the world has experienced
profound poverty, growing income inequality, high debt burdens, and environmental degradation” [25].
In the Ethiopian case it can, however, also be seen that the extent to which the ideals about a somewhat
enlightening modernity are internalized vary greatly and next to individual opinions, age plays a key
role. Whereas some of the younger generation has internalized modern notions of prosperity and
wealth, elder pastoralists reject them and actually view current and forthcoming lifestyles as poor,
less beautiful, less cultural and even as reducing the possibility to be a “real man or real woman”.
Furthermore, pastoralists sometimes go along with administrative policies because they have no choice,
yet reject their meaning—such as the meaning of home.

While one should not fall into the hasty dualism of the “good, premodern, traditional world
( . . . ) and the bad, modern, industrialized world and the thoughtless” [26], this article has shown how
both notions get internalized in contradictory ways within the everyday of a livelihood in transition.
The everyday experience here is the site in which larger ideals intersect and compete.

8. Conclusions

The Nyangatom pastoralists of South Omo are faced with drastic structural changes in
their lives and livelihoods. In this article, I have focused not on the transformational process of
large-scale-agriculture or the government’s sedentary strategy itself, but rather on the images that
float especially among elder herders about the past, present and future of the Nyangatom. By showing
these through segments of my interviews, I show how radical structural changes are translated into
the everyday of eating, fashion and sleeping habits. The Nyangatom pastoralists already now position
themselves in the past by highlighting that “real pastoralism” does not exist anymore. Modern life,
especially through education, has come “inside pastoralism”. The governmental strategy works
discursively and actively by introducing discourses that devalue pastoralism, which are internalized,
especially by the younger generation, but also show up in contradictory ways. Yet hopes and ideas of
compromises between modern and pastoral persist and the Nyangatom already employ strategies to
benefit best from both livelihoods.
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Abstract: Environmental conservation has developed significantly in China over the past 20 years,
including more collaborative approaches and recent advances in establishing a national parks system.
This study reviews the development of protected areas in the headwaters of the Yangtze River,
drawing lessons from experiences of community development and co-management approaches.
Community engagement and participation in developing localized plans for natural resource
utilization and conservation have been critical features of successful ventures. Government programs
and policies, the emergence of grassroots civil society, and the development of herders’ cooperatives
and protected areas, are all tracked, each pointing towards the significant value of inclusive biodiversity
conservation approaches for meeting broadly agreed development agendas, such as achieving the
Sustainable Development Goals by 2030. Observations from the vast, high, arid, and semi-arid lands
of the Tibetan Plateau are then considered in light of China’s Belt and Road Initiative, which is
bringing vast financial and technical resources to the world. Special attention is given to applying
the lessons that have been learned in China to the mountains of Central Asia, globally recognized as
a biodiversity hotspot and a water tower for large downstream populations. Keeping local people at
the heart of conservation is deemed fundamentally important.

Keywords: China; Tibetan Plateau; Sanjiangyuan region; social–ecological systems; pastoralism;
partnerships; co-management; national parks; Belt and Road Initiative; mountains of Central Asia

1. Introduction

With a global population now exceeding 7.6 billion people and estimated to reach over 11 billion
by 2100 [1], humanity consumes significantly more resources than our planet can provide in the long
term, and our patterns of consumption and the waste we produce cannot be absorbed by the world’s
natural systems. In short, our use of natural resources is stretching beyond regenerative capacities [2–5],
or even more succinctly, the world has reached planetary limits [6].

The need for sustainability is now agreed by nearly all countries in the world and on this
basis a suite of Global Goals (or Sustainable Development Goals) have been adopted to help end
poverty, protect the planet, and ensure prosperity for all (see UN Resolution 70/1, Transforming our
world: the 2030 Agenda for Sustainable Development [7]). The 17 Global Goals are further developed as
169 targets that we corporately aim to achieve over the next 12 years, and for which everyone will need
to play their part: all governments, the private sector, civil society, and citizens alike. Now, with global
sustainability perspectives agreed in principle, and many national commitments in place, one final
question remains: scale. Of course, it should be at all scales; but therein lies the great challenge. Who will
be the winners, and who the losers? In particular, no party should advance “local sustainability” purely
through an externalization of costs. Conversely, “regional sustainability” should not be achieved
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through an inequitable transfer of environmental or development burdens between geographic regions,
especially if shifting burdens toward those less powerful, remote, or unseen populations. For this
reason, comprehensive assessments with multi-stakeholder dialogues and inclusive decision-making
processes and governance arrangements are fundamentally important.

With increasing regional and international connectivity (cf. globalization), the approaches adopted
and decisions made in one place now almost always impact communities and situations elsewhere,
often well beyond the original intended areas or sectors of focus. Additionally, sustainability-oriented
goals alone rarely drive all decisions. Political, economic, and environmental factors bring trade-offs
such that, at best, we can hope for science-informed, if not actually evidence-based, decisions.
Nonetheless, learning from experience and then subsequently feeding the lessons learned into
development processes are of paramount value.

With more than 1.4 billion people, China is coping with some of the world’s greatest development
challenges. It also is demonstrating great technological and scientific innovations and, over the last
decade or two, it is become increasingly recognized as a global leader in research and development in
numerous fields and disciplines [8–10]. Its growing economic and military strength and increasing
global engagement, e.g., through the unprecedented Belt and Road Initiative (in this review paper
referred to as BRI, but also known as The Silk Road Economic Belt and the 21st Century Maritime Silk Road,
or for short the One Belt, One Road (OBOR) Initiative), also mark China as emerging leading agency
in international affairs and global development trends, bringing its own geopolitical dimension to
aid [11,12]. In light of its growing influence and geographic reach, how China has been dealing with
the governance and management of its natural resources and the mechanisms it has adopted in recent
years for achieving conservation and sustainability are very important aspects to consider, as these
may be leveraged more widely to increase the overall likelihood of long-term success wherever China
invests its time and resources, at home and abroad.

Within China, the Tibetan Plateau encompasses one-quarter of the national territory, and provides
many benefits nationally and internationally, especially as ecosystems goods and services from the
headwaters of Asia’s major rivers. This vast, high altitude mountain landscape is recognized for such
values, and much attention and financial resources have been given for environmental protection.
However, conserving the natural environment is not contingent only on increased knowledge about
nature or ecology or earth systems. It is equally dependent on appropriate understanding of the human
or social dimensions of people’s livelihoods and the utilization of natural resources, including who
decides how resources are used (governance), as well as how they are used (management). The past
two decades have seen particularly significant developments in how natural resources are utilized
and conserved in the Tibetan Plateau region, including the emergence of community conservation
initiatives and the development of a network of protected areas. Building on these experiences, China is
now in process of establishing its first national parks, to be launched formally in 2020.

This review paper seeks to follow the development of conservation initiatives, along with local
community development within emerging protected areas, over the past couple decades in western
China. From this, it aims to draw out some key lessons that could help to inform future programming.
How China engages with local communities and how it seeks to balance the overlapping needs and
interests of nature and people when undertaking environmental action, will affect not only short-term
returns on conservation investment, but also more generally the viability and long-term sustainability
of projects and initiatives. Lessons gained from recent experiences in the Sanjiangyuan region of
China (referring to the “three rivers sources”, i.e., the headwaters of the Yellow, Yangtze, and Mekong
rivers) may be applied well beyond protected areas—national parks or otherwise—and should include
landscape level conservation and development strategies across western China, as well as neighboring
mountainous regions in Central Asia encompassed in the scope of China’s BRI.

With its rapidly growing influence around the world, strategic decisions and approaches adopted
by China clearly will affect global sustainability. This review article aims to make some of the recent
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experiences in environmental management and conservation more widely known outside China,
and to render their links with regional and global sustainability more explicit.

2. Methods

Many research methods have been employed over the course of the two decades that it has taken
to learn and compile the information, insights, and recommendations presented herein.1 Methods have
included both qualitative and quantitative approaches: longer time-series, as well as shorter-duration
or “snapshot” perspectives; larger sample size household surveys, as well as more in-depth interviews
with selected informants and small focus groups; desk reviews of published literature; participatory
action research; direct participant-observation; horizontal policy analysis; and other approaches
spanning the natural and social sciences. These have been further complemented by a process of
continuous reflection on past successes and failures, and renewed consideration of the foundations
of sustainable development (e.g., the role of culture as the “fourth pillar” of sustainability [17,18].
More details about the interrelated social and ecological contexts encompassed in this review and
about the methods adopted in this long-term endeavor are noted elsewhere (e.g., [13,19–24]).

As outlined in a recent documentary about the project work and affiliated research conducted over
the past 20 years, upon which the majority of the reflections and recommendations for conservation
and sustainable community development presented in this article are based,2 the key roles played
by the author and his team have included (i) bridging between a range of stakeholders (especially
local versus external parties, each bringing different sociocultural, ideological, or economic ideals),
which in turn has required (ii) translation between widely differing perspectives and/or worldviews
(including scientific versus traditional languages, i.e., ways of seeing the world) and (iii) trialing new
ideas or approaches to help address specific problem areas or to more effectively attain common goals
in sustainable development, including the conservation of biodiversity.3

The analytic frameworks employed in this review paper are multiple, given the breadth of
academic disciplines and perspectives, academic and otherwise, that have a bearing on environmental
conservation outcomes. Most fundamentally, though, a socioecological systems (SES) framework is
adopted, not least because of the wide chasm noted in China, now reducing but still significant, between
the natural and social sciences and the differing policy recommendations that ensue. Greater mutual
understanding across disciplines through SES-based analyses of the major challenges and benefits of
emerging conservation models may lead to more robust syntheses.

The experiences and lessons learned are then further compared and embedded within the wider
academic and development literature about community-based conservation and the governance
of common property resources, including “co-management” of natural resources and protected
areas [26–29]; about indigenous and community conserved areas (ICCAs) [30,31]; and about the need
for mainstreaming biodiversity and protected areas within regional development planning [32,33].
This is further complemented by consideration of the wider experiences in conservation and sustainable
development in western China [34–38] and in mountainous areas of Central Asia [22,39,40].

1 The author is the founding director of Canadian non-government organization (NGO) Plateau Perspectives, established
in 1998, through which the majority of learning opportunities described in this article have taken place. The grassroots
organization Upper Yangtze Organization (UYO) was established the same year by Tashi Dorje Hashil. Many of the author’s
and Tashi Dorje’s conservation and development activities were undertaken together or in coordinated fashion, with many
learnings taking place in unison. The founding directors’ parallel histories and their mutual support and influence on each
other are noted elsewhere [13–16].

2 See http://plateauperspectives.org/documentary/.
3 These three roles (i.e., bridging divides, translating between the different “languages” of culture and science, and providing

support through trialing of new ideas or approaches) hold significant overlap with key functions identified for the
Chinese environmental NGO Shanshui Conservation Center [25], which has been engaged in conservation programs in
the Sanjiangyuan since 2007—namely mediation, translation, and coordination. Both NGOs have sought to enhance local
participation in ecosystem management and collaboration amongst actors.
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Insights about China’s BRI stem from published literature and media, as well as personal
exchanges and interactions with Chinese and non-Chinese colleagues, and participation in recent
BRI-related workshops [41–45].

3. Background

3.1. Major Geographies

This review of the recent history of conservation efforts in China is focused on the Tibetan plateau
region, specifically, the headwaters of the Yangtze River in the renowned vast Sanjiangyuan region.
Administratively, the Sanjiangyuan is situated in southern Qinghai Province, one of China’s largest
provincial level units. As with most of western China, climatic conditions are generally arid, human
population density is very low (on average < 10 people/km2) (Figure 1), and most strategic decisions
are made in light of a perceived need to strengthen social stability, and security perspectives related to
proximity to borderlands. A major transition in development priorities took place in China around
2000, with the country shifting its focus from developing its eastern coastal cities to developing
the expansive western hinterlands under the auspices of the Great Western Development Program.
Since then, urbanization has continued on massive scale. Over half of the world’s population now
resides in urban centers, with similar national figures and even faster rates of urbanization occurring
in China [46]. The peoples and communities who manage the mountains, grasslands and desert
resources in western China, however, remain primarily rural, and often are mainly ethnic minorities
within China.

Figure 1. Precipitation and human population in China; showing precipitation isopleths (shading)
and highly concentrated areas of human population. Areas north and west of the solid line cannot
support agriculture in the absence of irrigation, and hence qualify as “western China.” The majority of
China’s people resides in the eastern half of the country. Adapted from [34], used with permission.

Encompassing around one-quarter of China’s land area—or 2.5 million km2—and with an average
elevation over 4000 m above sea level (asl), the Tibetan Plateau is the largest and highest
mountain area in the world. While China itself is recognized as one of the most mega-diverse
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countries in the world [47], the diversity of biogeographic realms and ecosystems that meet
or are found in the Tibetan Plateau region make it particularly noteworthy for conservation of
global biodiversity. Mountain ranges both bind and transect the Tibetan Plateau, including the
Himalayas, Hengduan, Tanggula, Qilian, Kunlun, and Karakoram ranges, which also connect, in turn,
with the Pamirs, Hindu Kush, and Tian Shan ranges (Figure 2). Considered together, these contiguous
mountainous areas—characterized for millennia by nomadic pastoralism, most prominently yak
husbandry [22,48,49]—are more broadly known as High Asia or Greater Central Asia [50–53].

For its part, the Tibetan Plateau per se is often referred to as the Third Pole of the world, because
of its vast extent and high altitude [54], also as the Water Tower of Asia, because of the six major
Asian rivers that originate on the Plateau [55]. Around 3 billion people live on or downstream of
the Plateau [56], and its physical presence and annual snowpack conditions influence the global
climate system and Asian monsoon characteristics, respectively. Four major ecosystem types are
identified: alpine meadow, alpine steppe, alpine desert, and alpine shrub [57]. Taken together,
these vegetative communities form one of the most extensive grazing social–ecological systems in
the world [58], home to a unique, diverse assemblage of wildlife [59] and Tibetan livestock that,
until recently, provided at least basic sustenance for the majority of herders in this vast highland
region [60]. Altogether, around 1.3 million km2 of the Tibetan plateau is classified as steppe (the entire
plateau covers around 2.5 million km2, or approximately one-quarter of China’s land area), including
alpine meadow (45%), alpine steppe (28%), alpine desert (5%), and other types [61].

Figure 2. The mountains of western China and Central Asia (Mountain Societies Research Institute,
University of Central Asia).

Returning again to the focal area of this review, the Sanjiangyuan region is situated in the heart
of the Tibetan Plateau, encompassing the headwaters of the Yangtze, Yellow, and Mekong Rivers
(see [13,14,55,62,63]). It comprises 363,000 km2 or around half the land area of Qinghai Province [64]
(Figure 3). As an area of great ecological significance to China as a whole, through its biodiversity
and its critical water regulatory functions, a large portion of the region was designated as a National
Nature Reserve in 2000, encompassing 153,200 km2, or the area of England and Wales combined.
Most recently, the decision was made in December 2015 to convert a large area of the nature reserve
into China’s first national park, to be administered by the central government—the Sanjiangyuan
National Park—covering an area of 120,000 km2 [65]. With initial trial operations underway since
April 2016, the park management aims to hire at least 10,000 wardens from local herding families
to oversee the vast region and to serve as community liaisons, bringing together the dual goals of
conservation and socioeconomic development.
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Figure 3. Map of the Tibetan Plateau and Sanjiangyuan (adapted from [66]), and Tibetan pastoralists
riding their horses in the high altitude rangeland circa 4600 m asl near the source of the Mekong River.

However, as elsewhere across the Tibetan Plateau, and in the high mountains of Central Asia,
the Sanjiangyuan area and its resident pastoral communities remain vulnerable to a range of factors
originating outside its own geography, including the influence of climate change, such as glaciers
shrinking and changing seasonality and intensity of precipitation patterns [63,67–70].

3.2. Protected Areas in China

China is a mega-diverse country with nearly 35,000 vascular plants (ranking third in the world)
and 6445 vertebrate species (7 percent of the world’s total) [71,72]. To protect its unique wildlife—
half of China’s terrestrial vertebrates are endemic, occurring only in China—the country has established
a vast network of nature reserves since 1956, constituting the backbone of China’s protected area
system. Currently, a total of 2729 nature reserves are spread across the country, encompassing around
15 percent of the territory, with nationally administered reserves covering two-thirds of this area [73].
Altogether, more than 10,000 protected areas (including nature reserves) cover about 18 percent of the
country, including forests, geological parks, wetland parks, world natural and cultural heritage sites,
and scenic zones [74].

Since 1997, at least seven major protection plans have been developed at national level in China.
Developing related laws and regulations, identifying priority areas for biodiversity conservation
and key ecological function zones across the country [72], and participation in major conventions,
are all constituent parts of these plans. Many positive steps have thus been made in the past few
decades for the conservation of China’s biodiversity, even while there are some limitations and
challenges that clearly remain [34,72,75].

One of the challenges with nature reserves has been to find ways of balancing conservation needs
with local communities’ socioeconomic aspirations. The development of tourism in protected areas
has been trialed in many instances; especially over the past couple decades. However, this approach
has brought a range of inherent challenges revolving mainly around the sharing of tourism benefits
and commercialization of reserves [76–78], with most instances of tourism development in protected
areas being to finance the nature reserves, rather than local development. The overarching goal
of nature reserves has remained as “conservation”, with most reserve management authorities’
interactions with and valuing of resident communities (e.g., for implementing conservation action,
such as environmental monitoring or reducing human–wildlife conflict) being mainly pragmatic.

Most recently, China has proposed a new approach to conservation, in line with growing
recognition—nationally and globally—of promoting the value of protected areas to not only protect
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biodiversity, but also to secure life-supporting ecosystem services for human benefit.4 Aiming to protect
special habitats and regulating services while integrating human activities, a new type of protected
area is now being introduced in China: the “national park” system (see [71,79]).

Official plans for the national park system clearly indicate that “national parks will be set up. . .
to achieve a combination of ecological protection and sustainable development” [80] and “the biggest
difference between a nature reserve and a national park is that the latter offers more social and
economic benefits. . . There should be a balance between protection and utilization in any successful
national park, so that it can offer both development opportunities and effective protection” [81].5

The national park system also aims to be a showcase for “ecological civilization”, the government’s
vision for a sustainable relationship with the environment [82,83].

In the first national park—the Sanjiangyuan National Park—“herders and farmers [are expected
to] be major forces behind environmental protection [and new] work is expected to provide jobs,
boost farmers’ incomes and give them an incentive to protect the environment” [80]. According to the
Overall Programme for Construction of a National Park System published last year by China’s highest level
of decision-making bodies, altogether 10 new national parks are being trialed, and will officially be
launched in 2020 [82]. As stressed by senior management in China’s first national park within this select
group (i.e., Sanjiangyuan National Park [65,84,85]), national parks shall have two distinct, parallel,
reinforcing goals: environmental conservation, along with socioeconomic development of resident
communities (personal communication, August 2016). The first 10 pilot national parks currently being
developed in China [79,86,87] are introduced in Table 1.

Table 1. National Parks (NP) in trial development phase in China’s new national parks system.

Name Province Description Total Area

Sanjiangyuan NP Qinghai
The first and largest of the 10 pilot national parks, encompassing the
headwaters of 3 major rivers: the Yellow, Yangtze,
and Mekong rivers [88]

123,100 km2

Great Wall NP Hebei The only NP in China that is being built around cultural heritage, 1

including the Ming Dynasty Tombs and Badaling Great Wall [89] 60 km2

Pudacuo NP Yunnan

Renowned for its primitive landscape including lakes, wetlands,
forests, and meadows, as well as nearly 100 endangered wildlife
species. Very rich in biodiversity, it contains over 20 percent of
China’s plant species and around 1/3 of its mammals and birds.
Home to black-necked cranes, orchids, and Himalayan Yew.
Tibetan culture and customs also are component parts of the NP.

1313 km2

Qianjiangyuan NP Zhejiang Includes habitat of threatened endemic species such as Elliot’s
pheasant and tufted deer. Known for seed plants. 252 km2

Mount Wuyi NP Fujian
Known for deep canyons, dense subtropical forests, waterfalls,
and wildlife. One of China’s most famous, beautiful landscapes.
A World Heritage Site. 2

983 km2

4 China has been protecting wildlife for many decades through a system of nature reserves and other protected areas.
However, the value (or benefit) of such protected areas for human wellbeing has not always been considered explicitly.
Until China’s leadership recognized the integral relationship between people and nature even within protected areas, the
“national park” system could not have developed. (Note: The term protected area is a high level generic category for all forms
of de jure and de facto protection of the natural environment. Nature reserves constitute one form of protected areas, which
prioritize the protection of wildlife and habitats, but without direct consideration of human wellbeing. On the other hand,
national parks have a dual mandate to protect nature as well as to benefit people.) In China, a deeper understanding of “the
environment” as coupled socio-ecological systems (SES) has emerged only in recent years. In the case of Sanjiangyuan region,
an SES perspective has emerged as partners have jointly explored more collaborative models of conservation. Ultimately, it
was decided that a national park model of conservation—with its dual mandate—was the most appropriate form to adopt
for addressing both the ecological significance (and need for protection) and human development interests in the region.

5 Both national parks and natures reserves are legal entities in China. Development of the national parks system aims to
centralize and “rationalize” the planning and management of nationally prioritized areas. On the other hand, the legal
home (government agency) and modes of operation of nature reserves is much more diverse. As for “community conserved
areas”, this term is more descriptive than legal in China; but is now well recognized by the International Union for the
Conservation of Nature (IUCN) and other agencies internationally.
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Table 1. Cont.

Name Province Description Total Area

Shennongjia NP Hubei

Well known for vast primeval forests, large numbers of endangered
species and varieties of medicinal herbs, and legends such as the
mysterious “Wild Man”. Situated near China’s Three Gorges.
Largely karstic, with many caves. A World Heritage Site. 3

1170 km2

Mount Nanshan NP Hunan Stopping point for tens of thousands of migratory birds. 619 km2

Siberian Tiger and
Siberian Leopard NP

Jilin and
Heilongjiang

The park covers one-quarter of the area of the Siberian tiger and
Siberian leopard (hubao) habitats in China and over 75% of the
animals’ wild population [82,90,91].

14,600 km2

Giant Panda NP Sichuan, Gansu,
and Shaanxi

More than 80 protected areas will be incorporated into this park,
home to most of the world’s giant pandas (daxiongmao), along with
much other wildlife.

27,000 km2

Qilian Mountains NP Gansu and
Qinghai

High altitude mountain range (at 4000 to 6000 m asl) with meadows,
forests, glaciers, and rugged landscape. Home to snow leopard,
white-lipped deer, and other rare wildlife species.

50,000 km2

1 http://whc.unesco.org/en/list/438. 2 http://whc.unesco.org/en/list/911. 3 http://whc.unesco.org/en/list/1509.

The emerging perspective in China about the multiplicity of roles and the major objectives of
protected areas (i.e., beyond strictly protectionist approaches to conservation, as exhibited in the
development of the new national park system) is consistent with the country’s long-term commitment
to the UN Convention on Biological Diversity (CBD) and the more recent UN Sustainable Development
Goals (SDGs). A strategic mainstreaming of ecological protection across all development sectors
was first apparent in China’s “ecological red line” approach [74,82,92,93], reinforced by programs
such as the Global Environment Facility-supported (GEF) suite of biodiversity- and protected
areas-strengthening projects at provincial and national levels. About half of the total land area
in western China is encompassed within the 25 national key ecological function zones (Figure 4),
each prioritizing conservation functions for water source areas, soil and water, windbreaks and sand
fixation, or biodiversity [94].

The value of protected areas for achieving the SDGs is now well established [95–98], as is China’s
commitment to the SDGs [99,100] and the tightly connected Paris Accord [101].

Figure 4. China’s strategy of National Key Ecological Function Areas, according to (a) functional areas
and (b) major ecosystems [91]. Used with permission.
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4. Results

4.1. Recent Developments in Conservation and Sustainable Use of Tibetan Rangelands (Case Study)

Across the Sanjiangyuan region in southern Qinghai Province, traditional nomadic pastoralism,
and to a lesser extent, subsistence hunting, have been practiced for at least 5000 years [19,55].
Moving from tribal feudalism (until circa 1958) to collectivism (circa 1958–1978) to quasi-privatization
of land and privatization of livestock (from 1978 to present), local forms of pastoralism have seen major
transformations in less than a lifetime. Nomadic pastoral practices have, by and large, given way to
more sedentary lifestyles, and in many instances to people’s permanent relocation and urbanization
(Figure 5). Many elements of the former seasonal mobility of livestock grazing and flexibility in the
resource management system are now largely gone, with reduced social resilience to shocks and
stressors, including climate change. That being said, local sociocultural, political, and economic
opportunities and local adaptations remain dynamic in the region; as the author has witnessed on
multiple occasions in the Yangtze River headwaters, from 1998 to present [13,19,55,102].

Figure 5. The last two decades have seen major changes in pastoral practices and people’s livelihoods
in the Sanjiangyuan region, shifting from traditional nomadic pastoralism on the vast grasslands
up until the 1990s and early 2000s; to sedentarization, with construction of winter homes and
introduction of agricultural practices (mostly for winter fodder) in the mid-2000s; to full relocation
and settlement of a large portion of the population in new villages built under the eco-migration
policy. Photo descriptions: (a) Tibetan family and yak hair tent on the grasslands; (b) pastoralist family
moving to summer pastures; (c) winter dwelling of a Tibetan pastoralist family, including winter home,
livestock shelter, and agricultural field; (d) family living in converted livestock shelter; (e) “nomads
without pastures” in a recently built relocation village; (f) Tibetan “nomad” family, formerly livestock
herders, now living in a relocation village.
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Locally and around the world, traditional practices and perspectives are now increasingly
recognized as converging with so-called more modern or scientific approaches [103–105]. In many
places, an appreciation for complementary ways of seeing and knowing the world around us is
becoming increasingly mainstream, and dialogue is starting to occur across former sociocultural
divides. In the Tibetan plateau region, climate change is now being noted, and sometimes even
documented, by herding communities. Much potential also exists for further development of
“citizen science” to strengthen dialogue and collaborative studies, with partners coming from diverse
educational and sociocultural backgrounds. Both recognizing and maximizing benefits of different
“ways of knowing” have long been at the heart of this case study, whereby the author and colleagues
have proactively sought to bridge different worlds [106] and to champion for effective restoration of
“sense of ownership” to local communities [107].

Since 1998, the following developments have been particularly noteworthy for the management
and conservation of the grassland social–ecological systems highlighted here, including their
biodiversity and the social and livelihood practices of local communities. Transformations also
have been taking place at the science–society interface. This is especially evident with the meeting
of “scientific development” from Chinese national planners and government agencies, on one
hand, and more traditional views and practices of herding communities, on the other hand,
through a collaborative approach generally known as “community co-management” of natural
resources and protected areas.

The following major developments from the past two decades together constitute a high-level
review of recent history of conservation and environmental management in western China,
as expressed in the particulars of the Sanjiangyuan region of the Tibetan Plateau.

4.1.1. Community Conserved Areas and the Development of Local Civil Society

Five local protected areas were created in 1998, established by community members in the
Suojia district (former commune) in western Zhiduo County to protect endangered wildlife [13,19]
(Figure 6). Although later incorporated into the Sanjiangyuan National Nature Reserve (and ultimately,
the Sanjiangyuan National Park), their origins and ongoing operations have largely remained with
the local herding communities themselves, who began to monitor local wildlife before any official
protected area was established. The species focus built on a local cultural appreciation of wildlife
as jewels of the land 6 including the snow leopard (Panthera uncia), Tibetan antelope (Chiru hodgsoni),
wild ass or kiang (Equus kiang), wild yak (Bos mutus), and black-necked crane (Grus nigricollis).

Development of these community conserved areas occurred simultaneously with the
establishment of the grassroots non-government organization (NGO), Upper Yangtze Environment
and Development Organization, or Upper Yangtze Organization (UYO) for short, established
in 1998. This NGO brought together more than 100 local community members for common
purpose, with special emphasis on wildlife conservation and so-called “green development”
(i.e., environmentally sound development) [13,19,103]. Embedded within a sociocultural ethic of
conservation and a longer local history of activism—from the work of Sonam Dorje and the Wild Yak
Brigade [108–110], to community-wide mobilization led by the UYO [13,21,33] and the establishment
and operation of village-level tent schools and health centers (see [111,112] and subsequent annual
reports,7 also [23,24]; Figure 7)—the various activities and approaches initially adopted in Muqu
community contributed to setting the scene for community based conservation in the Yangtze River
headwaters. Under the leadership of Tashi Dorje Hashil, work undertaken by Snowland Great Rivers
Environmental Protection Association (SGREPA [15]) has been instrumental in taking these and other
community approaches even further, scaling them up and extending across the province.

6 For participatory video created by Muqu community, see http://www.marcfoggin.com/participatory-video/.
7 To download Plateau Perspectives’ Annual Reports 2005–17, see http://plateauperspectives.org/downloads/.
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Following establishment of the UYO, several other communities followed suit and established
their own organizations or associations, often encouraged by the charismatic leadership of a few
individuals through trusted relationships built over time. Most recently, a network of more than
30 local innovative thinkers and conservation leaders across the province have been recognized as
conservation heroes for their sustained efforts [16,113].

Figure 6. Endangered wildlife protected by local herding communities includes (a) snow leopard,
(b) wild yak, (c) black-necked crane, (d) wild ass, and (e) wetland birds, including (f) bar-headed geese.

Figure 7. The Muqu village tent school was established circa 2000, shown here (a) with first intake of
students and (b) in its final location, including permanent buildings, with prime snow leopard habitat
in the background.
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4.1.2. Sanjiangyuan National Nature Reserve and Community Co-Management

Shortly after the above community-based protected areas were established, the Sanjiangyuan
National Nature Reserve was announced, formally established in 2000. However, local Tibetan
communities now found themselves living within a nature reserve, with a new suite of official
regulations affecting their lives, yet having had very little, if any, involvement in its planning and
establishment. With initially no provision for involvement in its management, the herders residing
in the Yangtze River headwaters became deeply concerned about their future. It is only with an
intentional process of multi-stakeholder dialogue in the first few years of the reserve’s existence that
the management authorities came to recognize both the potential roles and multiple benefits that could
be derived from developing partnerships with herding communities. Thus was initiated what has
become the main modus operandi of the reserve, “community co-management” (Figures 8 and 9).

Figure 8. Jiongqu village leader at a co-management planning meeting on the grassland, circa 2007.

Figure 9. Co-management meeting with nature reserve and village representatives, October 2007.
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The decision to adopt a co-management approach was made for four main reasons:
(i) to compensate for a shortage of field staff, (ii) to capitalize on local herders’ knowledge and
abilities, (iii) to increase environmental awareness, and (iv) to reduce illegal poaching. In addition to
these four reasons, the author and his team also sought to advance this approach because (v) such
dialogue and partnership would help empower and build the capacities of the local community,
and (vi) actual demonstration of partnership-in-action could be used to highlight to policy makers
how local communities may be partners in conservation, i.e., seen as part of the solution, rather than
assumed (wrongly) to be primarily detrimental in areas of high biodiversity value.

As the national nature reserve’s core zones were geographically overlapping with the
community-based conservation areas, there was high risk that the national plan for conservation would
in fact negate the community’s plans and goodwill for contributing to environmental monitoring,
raising environmental awareness, conducting anti-poaching patrols, etc.—all heretofore undertaken
on voluntary basis by the community members.

At a planning workshop in October 2005 that included nature reserve management authorities,
community representatives, local government, and selected international experts familiar with
protected areas and their management, grassland ecology, and wildlife research [14], an arrangement
was agreed between the nature reserve, the international NGO Plateau Perspectives and
Muqu community, whereby co-management would be trialed through a joint monitoring and
conservation project revolving around community based snow leopard monitoring, research,
and conservation [14,114–117]. Training workshops and data collection by local community members
subsequently took place over several years, leading to a clear demonstration of the value of sustained
partnerships for conservation purposes [21,118].8 Earlier direct observations of snow leopard and their
sign by community members was subsequently extended with use of camera traps as collaborative
projects intensified [66,116,119,120].

In another herding community near the source of the Yangtze River, village level regulations were
agreed as early as 1998 to limit illegal poaching by local and external hunters—several years before
creation of the Sanjiangyuan National Nature Reserve. Over time, this led to the establishment of a local
organization, Friends of Wild Yak Association. This community venture was subsequently incorporated
into the “contract conservation” model that was trialed by the nature reserve in its broader community
co-management framework [25,118,121]. In this approach, a contract is agreed between the local
community and reserve authorities, whereby local community rangers monitor wildlife populations
(in this instance, wild yak) in exchange for agreed payments into a local community-managed
development fund. Both this and the aforementioned snow leopard monitoring and conservation
work were explicitly referenced in the early preparatory phase of the GEF-supported UNDP Qinghai
Biodiversity Conservation Project, implemented by the Qinghai Forestry Department (2013–2017)
(see [122]) as the positive experiences of co-management that should be scaled up by the project and
integrated into future operations.

Through these collaborative approaches, threats such as poaching have greatly diminished,
wildlife observations are reported to government conservation authorities, local awareness and pride
in wildlife have increased through school-based and other outreach activities, and local communities’
sense of empowerment has extended beyond environmental conservation action, per se. Fortunately,
beyond these social outcomes (which remain critically important and the primary focus of this review
paper), biodiversity benefits also have accrued over time, with increasing wildlife populations being
reported (personal communications, repeated from several community members, as well as several
field staff and leaders of the Sanjiangyuan nature reserve and national park).

8 See Snow Leopard Community Conservation Project, http://plateauperspectives.org/en/project/snowleopard/.
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4.1.3. Community Associations and Cooperatives

Just beyond the boundary of the nature reserve, another herding community also was mobilized
in 2010. Encouraged by two young charismatic community members, the Kegawa Herders Cooperative
(named after a local sacred mountain) was established in 2010 (see [102,117,123–126]), in addition to
a local community association that successfully trialed the operation of a revolving development trust
fund [123,124,127,128]. Both the county and prefecture governments provided the enabling policy
environments, but actual development of these efforts has been largely endogenous.

The launch of the Kegawa Herders Cooperative marked the beginning of what has been one
of the most empowering development activities seen in the region since the author first visited in
1998. Starting with around 40 families, now over 90 households regularly participate in the projects
and activities organized by the cooperative. These activities include regular monitoring of grassland
conditions, development of handicrafts, operation of a small shop, and ongoing development of
a community-based tourism venture. Long-term partnership also has developed with an international
clothing company, kora, which produces high quality thermal clothing from fine yak wool. Through
this partnership, all members of the cooperative have the option to sell their yak wool at guaranteed
upper fair market value. The cooperative makes major decisions at annual general meetings and
operates activities through working groups. Membership is purely voluntary, but requires some
financial contribution, and annual payment of dividends (from profits generated over the year)
is proportional to each member’s contribution, whether financial or in-kind, e.g., livestock. General
meetings are held annually, and ensure that every member has a voice, based on a principle of one
person, one vote. Working groups have been established to oversee regular operations and facilitate
ongoing communication amongst members, including in ecological husbandry, grassland monitoring,
environmental awareness, garbage collection, tourism development, and other topics. Some profit
generated from activities is reinvested into the core fund, and some is earmarked for social needs.
Most recently, in late 2015, the cooperative has decided to develop its own yak herd, together with
designated pastureland. Sale of milk, butter and cheese is planned, targeting mainly the expanding
urban population in the county capital.

A separate community association with a revolving fund mechanism to support small
businesses was also established in a nearby village, providing another way by which to strengthen
local communities in natural resource governance, business development, and community-wide
negotiations. Through provision of micro loans, three rounds of ventures were successfully trialed.
Beyond the individual activities funded, the broader success of this community revolving fund project
was the mobilization of community members to jointly discuss, agree, and implement development
action. Specifically, external capital was provided to create a trust fund, and members of the association
were trained in project planning, monitoring, multi-stakeholder meetings, financial management,
and other skills necessary to operate this venture. Formation of an association was necessary to
provide the legal basis of operations and to enable user groups to convene and establish clear and
transparent operational procedures (Figure 10). After running community management trainings and
project operations for several years, the 100% payback of the short-duration loans instilled confidence
to launch follow-up revolving fund projects in additional pastoralist communities in the Yangtze River
headwaters (personal communication, Du Fachun, August 2016).

For the government, both approaches outlined above demonstrate the viability of
community-based management of resources, including financial resources. This could become
even more important in the future as new options for transfer payments are considered
(i.e., eco-compensation) for local pastoralists, in exchange for protection and maintenance of critical
ecosystems services in China’s rangelands. The county government already has assimilated many of the
learnings from these experiences and has integrated them into its broader poverty alleviation work and
economic development planning for rural areas (personal communication, Gongbo Tashi, August 2016).
In a world that is increasingly “flattened” by globalization, which tends to encourage homogeneity
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over sociocultural diversity, empowerment and sense of identity are themselves inherently important
ingredients for people’s wellbeing.

Figure 10. Two community ventures: (a) Lari community development revolving fund management
group (photo: Du Fachun) and (b) tourism development and glacier monitoring by Kegawa Herders
Cooperative (photo: Jigme Rabden).

4.1.4. Development of China’s New National Park System

The dual overarching purposes of national parks in China have already been highlighted—aiming
to conserve the environment while simultaneously promoting community development and wellbeing.
As such, developing national parks (as compared to nature reserves, with their stricter conservation
focus) has come as a natural progression, incorporating local interests and concerns of both parties,
government and communities. The Sanjiangyuan National Park will open formally in the year 2020,
with other national parks to follow soon after [85,129]. While guided and overseen centrally, the daily
operations of national parks will be delegated to local government, along with other partners if
co-management approaches are maintained.

Over the past couple decades, the major contributions made to the development of the national
parks system in China has been the trialing of community co-management, thereby integrating
a focus on community-level development needs and interests into hitherto primarily conservation-only
deliberations for protected area management. This has included, inter alia, community involvement in
wildlife monitoring, awareness and outreach including community wildlife festivals, support for the
provision of rural health and education services, mitigation of human–wildlife conflict (especially by
brown bear), support for local development mechanisms such as community level associations and
cooperatives and the brokering of international partnerships with them (e.g., with kora 9), and the
organization of strategic study tours to Mongolia, Canada, and Nepal (each with strong emphasis
on development of national parks, including co-management approaches, the need for monitoring
and research, and opportunities and challenges related to tourism in the framework of protected
area) (see [111] and subsequent annual reports; also [23,24,130,131]). Through these many areas
of collaboration between the nature reserve, local community members and international partners,
and the valuable deliberations they have enabled from 1998 to present, a new vision began to emerge
about the possibilities offered by a national park model, understood to be more inclusive of community
needs and interests.

Moving forward, it will be especially important to find ways to strengthen the greatest asset in
the Sanjiangyuan National Park—its 10,000 strong “work force” of community-based field staff.

9 See the high performance technical clothing company kora, http://www.kora.net/row/our-story/.
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Notably, these staff will serve not only as environmental monitors, but more broadly as park
wardens and as liaisons to the wider communities of which they are a part. As such, they should
be empowered and strengthened to assist their own communities in matters of socioeconomic
development, as well as reaching the conservation goals of the national park. Their capacities
should be developed through trainings, and appropriate tools should be provided to enable them to
accomplish all the functions assigned or adopted by them. In regard to the management objectives
of the park, particularly the management of its wildlife and habitat resources, the collection of data
will necessarily remain of paramount importance, as resources cannot be managed if their status
and trends are unknown. Given the vastness of the Sanjiangyuan National Park and the large but
dispersed population, the management authorities are presently considering how best to meet the
need for large repeated-measure datasets, and how the new community wardens could assist in this.
Particular attention is now being given especially to the potential use of the ubiquitous smartphone,
and increasing local cell phone coverage, along with emerging information and communication
technologies (ICT) such as “citizen science”-enabled digital field guides (e.g., Lapis Guides as a data
collection tool [132]).10 The development of long-term partnerships between local community members
and national park management authorities for joint action could, with suitable tools and “translation”
mechanisms (between community-based observations and traditional knowledge, on the one hand,
and scientists and science-informed managers, on the other hand), provide substantial returns on
investment for formal (i.e., government) conservation authorities, through creation of “big data”
(personal communication, Gongbo Tashi, February 2018) as well as the empowerment of local
communities as partners in conservation [22,133,134].

4.2. Lessons Learned for Environmental Conservation, 1998–2018

In the previous section, this article has tracked themes of biodiversity conservation and
sustainability on the Tibetan Plateau, from 1998 to present, through the lens of community conservation
ventures, the development of a unique network of protected areas, and affiliated community
mobilization and socioeconomic development mechanisms. We can learn much from comprehensive,
retrospective analysis of such unique development experiences, even beyond the intentional
“participatory action research” orientation set out at the beginning. Moreover, these valuable lessons,
summarized in Table 2, can be applied to strategic planning and decisions about the design and
management of protected areas and natural resources in the future.

Furthermore, as China expands the scope of its influence, as is now occurring through the high
stakes Belt and Road Initiative, “putting its best foot forward” will benefit the neighboring mountain
regions and societies in Central Asia, as well as mark China more favorably on the global scene.

What has been learned from the above experiences? What key lessons can be captured and
shared?—both for the strengthening of China’s new national park system, now in development,
and also for transferring into China’s wider spheres of engagement, such as with neighboring countries
through its multi-national Belt and Road Initiative (BRI).

Below are a series of key lessons that have been learned since 1998 through practical, hands-on
experience working in partnership with Tibetan herding communities in the Sanjiangyuan region in
western China. Each lesson represents an important element to be considered and encouraged as
a core principle of community development and sustainable livelihoods (see e.g., [135–139]).

10 For smartphone application to develop citizen science field guides, see Lapis Guides, http://lapisguides.org/.
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Table 2. Lessons learned from recent conservation history in the Sanjiangyuan region, 1998–2018.

Major Lessons for National Parks and Other Protected Areas for BRI

Comprehensive perspectives are essential
√ √

Conservation champions are major players
√

Community ownership increases commitment
√ √

Community participation increases effectiveness
√ √

Community co-management helps to build trust
√ √

Cooperatives and associations are effective tools
√ √

Citizen science can serve as a connecting bridge
√

4.2.1. Comprehensive, Integrated Perspectives Must Be Adopted

An integrated perspective of environmental conservation and development goals across multiple
user groups and other stakeholders, with simultaneously conflicting and concurring outlooks and
purposes, will allow better assessment of the major opportunities and trade-offs for community
development. Overall, a more nuanced understanding and appreciation of all different stakeholder
groups’ perspectives are necessary precursors for developing genuine, viable and lasting partnerships.
An appreciation that people, communities, and cultures are to some extent “tied to the land” and
work as part of broader socioecological systems, rather than as external agencies, also will aid in
development of viable models for more sustainable, community-oriented development [140].

4.2.2. Conservation Champions Are Major Players in Bringing Change

Change is most effective when someone within the community, or with prior or current connection
to the community, is convinced that some change is needed and is committed to mobilizing his or
her fellow community members to take action. Such persons are generally known as “champions”
for a cause, and can play an invaluable role. In many instances, engaging with and building the capacity
of a charismatic conservation champion who is accepted by the community may be the most effective
strategy that can be adopted to promote change. This person will play both bridging and translation
roles, bringing different parties together and helping them to understand each other’s perspectives,
needs, limitations, and desires. A successful community conservation champion serves as a catalyst,
often introducing innovative new ideas and bringing people together in constructive dialogue.

4.2.3. Community Level Sense of Ownership and Commitment are Essential

The value of personal and community-level commitment to environmental conservation cannot
be overestimated. In some instances, an appreciation and commitment to sustainable use of resources
is already present. Where it is not present—or has waned over time—early efforts should be placed
on communications and outreach activities, as the fundamental purposes of any project intervention
will not last much beyond a project’s lifespan if such purposes are not suitably internalized. It is only
with a sense of local ownership of decisions and actions that the durability of community members’
involvement will be ensured. The mobilization of people for common purpose is often necessary,
and this is usually most effective when calling on long-standing sociocultural norms and/or personal
or community gain.

4.2.4. Community Participation Increases Sense of Responsibility and Effectiveness

Beyond inherent commitment to an idea or ideal, people also need to be involved in a project
or activity for them to take on a fuller ownership of specific project outcomes, and conversely,
to feel responsible when project outcomes are not being achieved. The level of community participation
in a project also can feed back into people’s commitment, which often can grow as dialogue amongst
stakeholders improves and as communication and understanding increase. Participation generally is
found in association with empowerment, improved management, and conservation success.
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4.2.5. Community Co-Management Approaches Strengthen Actions and Build Trust

In the context of natural resource management, including management of protected areas,
“community co-management” has a proven track record of bringing together a wide range of
stakeholders to the figurative table and strengthening partnerships for common purposes. More voices
and perspectives can be heard, with wisdom often emerging from diversity. Although negotiation
is always necessary, collective decisions and subsequent actions taken are generally more resilient
and lasting. With rich evidence in the literature, Canada has made co-management with indigenous
communities one of the mainstays of the federal national park system, and in Norway, co-management
extends beyond natural resources and conservation to the governance of virtually all aspects of
socioeconomic development. With sufficient time allowed for trust and understanding to develop,
as witnessed in the Tibetan plateau region, more participatory models of development (collaborative
management), including provision of social services (especially health and education; see [23,24])
have developed as local examples of wider application of co-management principles.

4.2.6. Cooperatives and Associations Are Effective Tools for Common Action

One of the richest forms of “participation” is when communities themselves decide and drive
their own development and conservation programs. They may then choose to organize through the
development of associations (mostly related to common purposes, interest groups, or professions)
or by establishing cooperative enterprises that help members raise capital, coordinate their efforts,
and maximize opportunities through collective action. Community cooperatives and associations
have been shown in many instances also to serve as effective tools, inter alia, for the mobilization
of both people and resources, strengthening of organizational capacities, and accessing of financial
resources. In the Tibetan plateau region, recent prime examples include the strengthening of value
chains (direct sale of yak wool to international markets) and alternative uses of natural aesthetic and
cultural resources (development of community-beneficial tourism, such as ecotourism and adventure
tourism operated by local community members).

4.2.7. Citizen Science Can Serve as a Bridge between Communities and Government

As government and public alike increasingly wish to adopt more evidence-based decision-making,
the need for more information and data is evident everywhere. For managing natural
resources—including wildlife and habitats in national parks—regular, repeated collection of data
is necessary. However, limited financial and human resources preclude this possibility in nearly
all instances; but, with the advent of new information and communications technologies (ICT),
such as smartphones and dedicated applications, and also building on the recognized value of
community participation in conservation, larger scale data collection than ever before is now possible.
Collecting “big data” will help move decision-making from guesswork and five-year plans toward
more real-time responsive assessments and strategic interventions. Involving grassroots stakeholders
in deciding what should be monitored and researched, as well as in subsequent analysis and
decision-making, will further increase people’s sense of ownership, empowerment, and commitment
to common conservation goals. A new era of science with society may be brought to fruition with use
of ICTs, where political will is present.

From a conservation perspective, and expanding on models of “inclusive protected area
management” developed elsewhere [33], the above principles and approaches may be summed
up as being the key components of inclusive biodiversity conservation.

5. Discussion

5.1. China’s Belt and Road Initiative

Building on the legacy of the ancient Silk Road through Central Asia that for generations allowed
the movement and trade of goods (along with ideas, philosophies, religion) between China and
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Europe—and extending these to encompass many other routes and destinations, now including well
over 60 countries with 70% of the world’s population and nearly 30% of the global GDP [141,142]
(Figure 11)—China has set the stage for a reshaping of international relations and globalization that is
unprecedented in recent times. And, these new developments are here to stay. Not only has China
recently enshrined Xi Jinping Thought on Socialism with Chinese Characteristics for a New Era into its
constitution, but a lesser known amendment also was introduced with the statement that China will
now be “following the principle of achieving shared growth through discussion and collaboration,
and pursuing the Belt and Road Initiative” [143,144]. A new era has arrived and is now here to stay.

Figure 11. Geographic scope China’s Belt and Road Initiative. Map by Peter Cai [141], reproduced
with permission of the Lowy Institute, <https://www.lowyinstitute.org/publications/understanding-
belt-and-road-initiative>.

The rationale for BRI is manifold, appearing either as “entirely a mercantile endeavor, designed
to fortify China’s economic interests around the world and open business opportunities for Chinese
companies enduring a slowdown at home” [145]; or as a means for China “to address . . . deepening
regional disparity as [its] economy modernizes [with the hope that] its transnational infrastructure
building program will spur growth in [its] underdeveloped hinterland and rustbelt” and as “platform
to address the country’s chronic excess capacity” [141]; or for China “to consolidate its position at the
centre of global supply and manufacturing networks” [146]. At home, BRI is presented altruistically
as “grounded in a philosophy of nations cooperating for mutual benefit, [with] no better strategy for
worldwide growth, peace and stability” [147].

Whether used to “assert its leadership through a vast program of economic integration” [141]
or seeking to achieve mutual benefit in ways that accommodate “the interests and concerns of all
parties involved” through market operations [148] and with “promise of prosperity” [149], one way or
another, China is bringing fresh geopolitical dimensions to international aid and development [11].
A range of BRI projects are already underway in Xinjiang Uyghur Autonomous Region, and many
Chinese provinces are competing for BRI resources, and thus, have developed BRI-related plans [141].
Internationally, however, the potential opportunities and benefits along with challenges and costs of
BRI for recipient countries beyond China’s borders are much less obvious, having received significantly
less attention to date (but see [41,45,150]).
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The Central Asian countries of Kazakhstan, Kyrgyzstan, and Tajikistan already are highly
dependent on China for trade and the movement of goods, along with very high proportions of foreign
direct investment coming from China (i.e., 72% and 37% for Tajikistan and Kyrgyzstan, respectively,
in 2016 [151]). Afghanistan is a country of substantial interest to all others in the region, due to security
concerns, as well as substantial mineral and other natural resources. For its part, Pakistan already has
a longer history of formal cooperation, through the development of the China–Pakistan Economic
Corridor (CPEC). Further study and exploration of the local and regional opportunities offered by
BRI, as well as potential impacts—including sociocultural, economic, and environmental—are just
now starting to take place in greater depth (e.g., as introduced by [152], and further advanced at the
Silk Roads crossing the mountains of Central Asia: Ancient routes and new challenges in times of global change
workshop held in Dushanbe, Tajikistan on 3–4 October 2017, with recommendations presented in the
Dushanbe Declaration [41]).11

Recognized as one of the world’s biodiversity hotspots, the Mountains of Central Asia are now
set to receive substantial investment from the Critical Ecosystem Partnership Fund (CEPF) supported
by the European Union, the World Bank, MacArthur Foundation, and others [153] (Figure 12).
As a meeting point of several vast biogeographic realms and with complex mountain topographies,
this ecoregion has a unique, rich biodiversity. It also has a great diversity of peoples and cultures with
well adapted rural livelihoods, a characteristic that is especially important in the context of climate
change. What remains little known, though, is how China’s BRI will intersect with local economies,
ecological conditions, and cultures. Environmentally, there is some sense of hope [44,154,155], but some
skepticism remains. Ultimately, “whether the new Silk Road brings environmental devastation or
a new era of Chinese global resource stewardship and sustainable development will depend heavily
on how China approaches the Belt and Road Initiative” [43].

Figure 12. Mountains of Central Asia biodiversity hotspot [153]. Used with permission.

Ancient routes are being revived and recreated, and new approaches to international development
and global relations have recently been launched in China—introducing a “new era” for a large part of
the world and its population. For this reason, now is the time to revisit, consider and assess, and as
appropriate to introduce lessons about environmental conservation and about sustainable community
development—especially those learned in China, as presented herein—and begin to apply these to the
international contexts beyond China’s western borders, where it now is serving as one of the world’s
largest development partners.

11 See the Silk Roads in the Mountains of Central Asia workshop proceedings and the resulting Dushanbe Declaration at http:
//ucentralasia.org/Research/Item/1625 and http://ucentralasia.org/Research/Item/1626, respectively.
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5.2. The Way Forward

In China, the government has recently launched a new policy paradigm, ecological civilization,
that calls on everyone at all levels to stop ignoring the environment in favor of the economy,
and in fact, to pay much more attention to comprehensive environmental protection (see [156,157]).
“The [Communist] party already accepts that [China’s] environmental conditions need urgent
improvements. . . The concept envisions better planning and carrying out future development within
China’s ecological capacity and rectifying degradation . . . [prioritizing] pollution reduction, efficient
use of natural resources, food security [and] climate change mitigation and adaptation” [158].

Clarifying and highlighting some of the key lessons learned over the past couple decades in
China, especially in matters of use and protection of natural resources, both within and beyond
protected areas, have been amongst the fundamental objectives of this article. These lessons have
a potential application not only for China’s emerging national parks system, but also for the ecosystems
and landscapes in which protected areas are embedded. As China’s global influence increases,
particularly with its BRI programs in neighboring mountainous areas of Central Asia, how it views
the environment and how such perspectives are integrated (or not) into development interventions is
critically important for conservation. As rightfully queried, “Does China’s intention to go through
a ‘green shift’ domestically [also] resonate with these new transborder infrastructure development
mega-projects?” [159]. How China chooses to operate, at home and abroad, will serve the interests or
be detrimental to the interests of very large regions and enormous populations around the world.

More inclusive forms of biodiversity conservation in China—as outlined above—are encouraging,
even if not perfectly developed, and consistent with the country’s commitments as a signatory
of the major global conventions (e.g., the Convention on Biological Diversity), and most recently,
the UN Sustainable Development Goals (SDGs). The application of SDG principles and targets to its
vast western mountainous regions has provided China with significant opportunity to consider various
models and approaches—the learnings of which are now being incorporated, inter alia, in the trial
development of its new national park system. Greater participation of communities with government
authorities in the operations and to some extent the oversight of protected areas, in the monitoring
and management of natural resources, and local socioeconomic development, are enabling new
steps to be taken toward achieving the SDG goals—all 17 of the goals—but especially for Goal 15,
Life on Land. These advances in more inclusive conservation should now be advocated also for wider
application, both in and beyond protected areas, and wherever China has opportunity to bring its
support [29,33,44,98,160–162].

Specifically, the lessons learned “at home” in China should be leveraged to inform and guide
future developments not only in the Sanjiangyuan region, but also more widely across the entire
Tibetan Plateau environment [54], the vast grasslands and arid lands in western China [34,35,104,133],
and even extending into the mountains of Central Asia, where China, through its BRI, is now playing
a decisive role in shaping the future across multiple sectors and in many countries [41,45,162].

Although mountains often may be viewed through the lens of geographic or
politico-administrative borders and boundaries, they also can be special regions with not
only ecological but also substantial sociocultural similarities [163,164]. For example, in the case
of the Kirghiz and Wakhi people residing in four neighboring countries in the Pamir region,
the similarities clearly outnumber their socioeconomic differences [53]. Likewise, there are many
notable commonalities amongst yak herding communities across High Asia based on their mountain
environments and livelihoods that exhibit a unifying effect (cf. sociocultural identity) extending far
beyond formal language, nationality, or religion [49,165,166].

Through BRI, China is now expanding its geographic scope and socioeconomic and political
influence in unprecedented ways. Neighboring mountain areas in Central Asia are amongst the first
locations to be considered and receive major BRI inputs, yet little is known about BRI impacts on the
receiving side; most studies to date have focused mainly on global considerations or on motivations
from China’s perspective [45]. The introduction and application of lessons learned in China that are
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relevant to these receiving geographies and the potential impacts of BRI on the environment and
local people and communities’ socioeconomic development and wellbeing are, thus, highly pertinent.
The recommendation is therefore hereby made that the lessons learned—as outlined above—should
be considered carefully and incorporated into BRI planning and operations, both in western China
and beyond its borders, with special reference to greater Central Asia with its cultural and linguistic
diversity as well as its renowned Mountains of Central Asia biodiversity hotspot [153]. How China
chooses to address environmental, sociocultural, and development concerns is critically important.

Three broad development themes finally emerge from the case study materials presented above,
including the key lessons that have been extracted from experiences in the Sanjiangyuan region:

• Mountain livelihoods: Pastoralism as sustainable food system
• Protected area networks and regional/landscape conservation
• “Access and Benefit Sharing” through community co-management

These important thematic foci should in future be developed in even more detail, with the aim of
informing development planning, including BRI, in more inclusive and environmentally friendly ways.

5.2.1. Pastoralism Is a Sustainable Food System

Pastoralism is not just an economic occupation; it is food production system, a livelihood,
and often, a cultural identity [133]. Traditionally, pastoralism has been the primary means by which
communities have transformed rangeland resources into basic sustenance. Pastoralism is, de facto,
one of the most sustainable food systems on the planet, as it has proven by its very existence over
many centuries, despite some long-standing entrenched prejudices and pressures from agricultural
and urban populations [167]. The adaptive capacities of pastoralists have led them, through trial
and error, to choose flexible and responsive decision-making processes and seasonally mobile land
use patterns, allowing them to respond pragmatically to variable, often unpredictable, climatic
conditions. This does not mean that misuse (including overuse) of natural resources and ensuing
environmental degradation does not ever occur in rangelands, mediated, at least in part, by pastoral
communities. However, where such land degradation occurs, it tends to have been influenced
significantly by changing patterns of natural resource use, often due to an imposition (whether active
or passive) of new sociopolitical structures or a diminishing of some features (or “design principles”)
that are commonly associated with a sustainable management of common pool resources [168–170].
Adopting more integrated perspectives on the interconnected social, economic, and ecological realities
of rangelands and mountain ecosystems is increasingly recognized as of paramount importance
to achieve sustainability [171,172]. Under management that properly links these complementary
dimensions, pastoral food production systems can yet continue to serve the interests of both humanity
and global biodiversity.

The United Nations Environment Programme (UNEP) and the International Union for the
Conservation of Nature (IUCN) also highlight the role of pastoralists as stewards of more than
a quarter of the world’s total land area. Pastoralism is practiced by between 200 and 500 million people
globally, including nomadic communities, transhumant herders, and agropastoralists. Yet, despite the
large numbers, four important facts about pastoralism are widely overlooked [173]:

• Mobility of livestock (and wildlife) is essential to maintain the health of dryland ecosystems—
for carbon sequestration, watershed protection, and biodiversity conservation.

• Intensive livestock systems can degrade the environment by producing high levels of carbon
dioxide and methane, polluting watercourses, and causing land degradation.

• Sustainable pastoral systems are more efficient, productive, and resilient than more sedentary
agricultural systems in rangelands, when all factors and environmental benefits are counted.

• Pastoralism is a universal issue, as pastoralists in both the developing and developed countries
share many environmental and economic challenges and opportunities.
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Additionally, the benefits derived from the sustainable use and preservation of rangelands
can have regional and sometimes global facets, in particular, through upstream–downstream water
linkages [22]. Pastoralism may also be recognized not only as a means to harvest resources,
but in itself a cultural asset of mountain and rangeland social–ecological systems, as well as being
provider of ecosystem services [172]. As outlined in the Convention on Biological Diversity’s
Good Practice Guide: Pastoralism, Nature Conservation and Development [174], “vegetation maintained
through grazing activities...captures carbon, reduces erosion, maintains soils, facilitates water holding
capacity and provides [wildlife] habitat. Most pastoral systems [also] are steeped in cultural practices
and indigenous knowledge, ‘cultural services’ which are highly valued and often irreplaceable”.
Thus, even beyond the provision of direct goods and services, such as meat, milk, and fibers,
pastoralism in the high altitude rangelands of the world may yet be a viable livelihood option,
and “rather than abandoning pastoralism, the revitalisation of traditional practices and indigenous
knowledge is vital to secure sustainable livelihoods for millions of pastoralists [worldwide] and to
maintain rangeland biodiversity and ecosystem services” [175].

5.2.2. Protected Area Networks and Regional/Landscape Level Conservation

Not all conservation occurs within protected areas. Rather, long-term regional conservation
can only be achieved when landscape level approaches are adopted, recognizing that a matrix
of land use types is always present (including but not limited to protected areas), with many
different stakeholder groups holding different perspectives and priorities. That said, protected
areas do still have an important role to play, especially with a broadening of our understanding
of the governance and management options available, including with indigenous and community
conserved areas [28,176–183].

Strengthening the roles of protected areas in regional development planning and, more generally,
mainstreaming the value of biodiversity across sectors have been advanced over the past decade
through the work of organizations such as the United Nations Development Programme (UNDP),
with support of the Global Environment Facility (GEF) and other financial instruments, including in
Qinghai Province and Xinjiang Uyghur Autonomous Region of China, as well as Kyrgyzstan, Tajikistan,
and elsewhere in Central Asia [184]. High level government support has been leveraged successfully
in recent years, with a focus placed on one charismatic species, the snow leopard, as an icon of
high mountain ecosystems. In this way, the Global Snow Leopard and Environmental Protection
(GSLEP) program has clearly articulated many of the priority needs and opportunities for conservation
of snow leopard landscapes, inclusive of local herding and nearby farming communities’ interests
and aspirations [184,185]. Key transboundary aspects of wildlife management in mountain regions,
including illegal trade, also are highlighted in international political and academic discourses [186],
and reflected in ongoing projects, such as the Hindu Kush Pamir Karakorum Transboundary Landscape
Conservation project undertaken by the International Centre for Integrated Mountain Development
(ICIMOD), the University of Central Asia (UCA), local protected areas, and a range of other partners
in four countries [187].

In China, official plans state that national parks will be set up to achieve a combination of
ecological protection and sustainable development goals, with a fine balance to be found between
protection and utilization. Development opportunities should be available to local people within
national parks, which will be possible, in part, because herders and farmers are now beginning to
be recognized as major forces behind environmental protection, with “conservation” expected to
provide jobs as well as increase local farmers’ and herders’ incomes [80]. Adopting such parallel
and reinforcing perspectives will enable conservation to take place more widely, last longer (beyond
single project cycles), and be more effective (through greater level of community engagement and
“ownership” of plans and activities).

Broad landscape-level conservation perspectives, incorporating but not limited to national parks
and other protected areas, ought to be applied more widely in western China (see [34,104,133]),
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and should equally be introduced as a fundamental pillar in China’s BRI, in which biodiversity is
becoming recognized more explicitly as core value [44].

5.2.3. Access and Benefit Sharing (ABS) through Partnership and Co-Management

Finally, access to natural resources and the ability to benefit from biodiversity—including land,
water, and other natural resources—must not be compromised for local communities and governments
with the arrival of new external stakeholders in the region. The development of genuine partnerships
and community co-management approaches represent an ideal way forward, yet their application
in reality is not always straightforward. Negotiations and compromises are always needed, and not
every group has equal power or voice. In many places and ways in China, local voices are increasingly
heard—but not uniformly or entirely, and not in every aspect of the new national parks systems.
In the core areas of national parks, for example, local farmers and herders will need to relocate;
for obvious reasons, reactions are mixed.12 When faced with relocations, herders in the Sanjiangyuan
region have, themselves, struggled with reactions ranging from hopes for a better future for the next
generation aided by new educational opportunities, to deep concern about how they should respond
to such government policies (e.g., whether to sell their livestock and transition into a new way of life,
or to “hold out” and lend their animals for a time to other family members or neighbors who plan to
remain on the grassland), to sadness at anticipated loss of culture and traditional pastoral practices,
to a general apprehension about all the change and challenges yet unknown [13,23,24,55,60,64].
At the same time, relative to the more strictly “protectionist” nature reserves in China (with their
primary focus on nature conservation), the recent shift toward more collaborative approaches in
management of protected areas and particularly the development of the national parks system in China
(with its dual mandate, i.e., including both conservation and socioeconomic development) is promising
in the trend that it represents. The positive elements identified in this review of environmental
conservation in China over the past couple decades do not imply that all is perfect and improvements
are not needed, but they do provide a focus for our corporate attention about some of the important
foundations available, upon which to build future development programs and strategies, including
especially China’s BRI.

In short, conscientious attention must be given to ensure that infrastructure developments and
business opportunities, as well as the management of protected areas, and in fact, any use of natural
resources in the wider landscape, always be advanced in ways that bring greatest advantage to local
communities and regions, and not be selected or promoted primarily on the basis of external drivers.
Niche mountain products, tourism development, and value chains can also all be built to local and
regional advantage. Special attention should equally be given to ensure that traditional knowledge
and agrobiodiversity are preserved, both as protective adaptive mechanisms in the context of climate
change, and to help anchor local communities and maintain cultural continuity in an era of rapid
globalization [188–192]. Through such community-friendly approaches, greater equity in access to and
sharing of the benefits derived from natural resources and other local assets can be maintained.

12 Although such mixed reactions are extremely important and must not be ignored, they are not the focus of this paper—
which instead has purposefully given most attention to the positive examples emerging from recent experiences in
environmental conservation, such as the adoption of more integrated approaches and inclusive perspectives in natural
resources management. The challenges associated with relocations can be enormous and deserve dedicated attention.
For the present purposes, it shall suffice for now that this critical issue is noted as requiring further study, which should draw
on local and global experiences surrounding “local communities” and their involvement in governance and management
of natural resources and protected areas. In the present study, initial observations about perceptions and responses to
relocations are based on numerous discussions with a wide range of actors over a period extending more than a decade,
including local herders, community organizations, and national park field staff and leaders, as well as discussions with both
natural science and social science specialists in China and internationally. Not surprisingly, perspectives and responses vary
with people’s positions and areas of specializations, with no single consensus emerging across all stakeholders.
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6. Conclusions

In all three broad thematic areas just outlined—i.e., pastoralism in a globalizing world,
protected areas and landscape-level conservation, and sharing of the benefits of biodiversity and
ecosystems—many valuable lessons have been learned in the past two decades in the Sanjiangyuan
region, which could beneficially be applied more widely in western China, both within and outside
protected areas, as well as internationally through the country’s ambitious Belt and Road Initiative.
How China now refines its broad plans and long-range ambitions across continents, especially in regard
to their social and environmental impacts—whether as intended development benefits, or unforeseen
side-effects of large-scale projects—these early months and years of the BRI will likely set the stage
for years to come, and will both define China’s position and, to some extent, its degree of acceptance
in the global development community, and determine the long-term viability of its investments in
infrastructure, transport and trade, agriculture, and other business opportunities.

The complexity of all the interrelated conservation and development issues and the multiple
scales that are considered, from community to continental levels, clearly render any conclusions or
recommendations tentative at best. However, broad outlines have emerged from China’s own recent
experiences with collaborative approaches in environmental conservation. These emerging views
should now be considered in greater detail and integrated into the country’s broader development
programming at home and abroad. Communities, economies, and the environment all stand to gain.
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Abstract: A field characterization of the grassland vegetation structure, represented by the coverage
of grass canopy (CGC) and the grass height, was carried out during three years (2009–2011) in
a priority area for the conservation of grasslands of North America. Landsat Thematic Mapper (TM5)
images were selected and the information of reflectance was obtained based on the geographical
location of each field-sampling site. Linear models, constructed with field and satellite data, with high
coefficients of determination for CGC (R2 = 0.81, R2 = 0.81 and R2 = 0.72) and grass height (R2 = 0.82,
R2 = 0.79 and R2 = 0.73) were obtained. The maps showed a good level of CGC (>25%) and grass
height (>25 cm), except for the year 2009, which presented the lowest values of grass height in the
area. According to the Kappa Index, a moderate concordance among the three CGC maps was
presented (0.49–0.59). Conversely, weak and moderate concordances were found among the grass
height maps (0.36–0.59). It was observed that areas with a high CGC do not necessarily correspond to
areas with greater grass height values. Based on the data analyzed in this study, the grassland areas
are highly dynamic, structurally heterogeneous and the spatial distribution of the variables does not
show a definite pattern. From the information generated, it is possible to determine those areas that
are the most important for monitoring to then establish effective strategies for the conservation of
these grasslands and the protection of threatened migratory bird species.

Keywords: remote sensing; modelling; coverage; grass height; Cuchillas de la Zarca

1. Introduction

Given their great biodiversity and the environmental services they provide; grasslands are
ecosystems of great importance. According to Adams et al. [1] grasslands account for 40.5% of
the Earth’s surface and therefore play an important role in the global carbon cycle [2]. Currently,
these ecosystems are undergoing significant deterioration due to overgrazing, urbanization, land use
change, the presence of invasive species and habitat fragmentation [3–5]. Indeed, Hoesktra et al. [6]
considered that grasslands are the most threatened ecosystems on Earth. Consequently, many species
of migratory birds that use grasslands as habitat in the North American deserts have declined
their populations continuously and steadily [7,8]. Previous studies on grasslands have focused
on herbaceous productivity trends and on the factors that may affect the herbaceous coverage [9,10].
For instance, from studies on grasslands of the Chihuahuan Desert, which is distributed in northern
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Mexico and the southern United States of America, some studies have focused on listing the plant
species, on studies of its fauna and on its ecosystem fragmentation [11,12]. However, more research
is needed on the spatio-temporal variation of the coverage of grass canopy (CGC) and grass height.
This topic is particularly relevant because these variables are strongly related to the habitat quality for
migratory birds and because the grasslands immersed in the Chihuahuan Desert do not escape from
the issues and pressures that characterize this ecosystem [13,14].

One of the tools widely employed for monitoring habitat quality is remote sensing. This tool
offers the possibility of studying extensive areas with a wide temporal margin at a low cost [15,16].
Data from the thematic mapper (TM) sensor (Landsat 5 satellite) provides the capability to perform
synoptic monitoring. The Landsat archive provides detailed and consistent data about the change
dynamics experienced in the terrestrial ecosystems [17–20]. The spectral data provided by the sensor
have allowed the determination of the structural characteristics and composition of plants in various
ecosystems [21–23]. Some of the parameters that have been correlated to habitat quality are CGC and
grass height, parameters that have been employed to estimate the net annual biomass productivity of
grasslands in the field. However, these kinds of methodologies require a significant investment of time
and economic resources [24]. Thus, the use of remote sensing tools represents an alternative for the
determination of grassland variables in a more economical and faster manner [25].

Several studies have shown the condition of winter habitat as a determining factor in the decline
of some grassland avian species. In fact, the abundance and distribution of the native species of the
Chihuahuan Desert, such as Ammodramus bairdii, A. savannarum, Anthus spragueii, Calcarius ornatus
and Pooecetes gramineus, are strongly related to the structure of the grasslands, as well as to variables
such as CGC and grass height [14,26]. Therefore, it is very important to obtain information about the
dynamics of the grassland where the structural variables are highly susceptible for drastic changes in
relatively short periods [27]. The objective of this study was to determine the spatial and temporal
variations of CGC and grass height during a period of three years in an area under conservation called
Cuchillas de la Zarca, located within the Chihuahuan Desert in Mexico.

2. Materials and Methods

The area of Cuchillas de la Zarca (CUZA) is a priority region for the conservation of grasslands
and is located within the Chihuahuan Desert. This desert grassland is the most extensive in North
America and is recognized for having high species richness despite being a dry area. In CUZA we
can find both transition areas dominated by grasslands and extensive plains covered by them [28].
The area of CUZA is located between the coordinates 105◦04′30.86′′ W and 24◦41′41.28′′ N, as well as
104◦57′07.48′′ W and 25◦27′04.24′′ N. It comprises the northern part of the state of Durango and the
southern part of the state of Chihuahua, Mexico. It has an area of 11,600 km2 (Figure 1). The vegetation
consists mainly of induced pasture, natural grassland, microphyll desert scrub, chaparral areas and
pine-oak forest. In each of these vegetation types, grass species of the genera Bouteloa, Aristida, Buchloe,
Andropogon, Melinis, Muhlenbergia, Sporobolus, Heteropogon and Pleuraphis may be present [29,30].
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Figure 1. Study area. Sampling sites are marked in red.

2.1. Samples and Processing Date

The grassland structure, represented by CGC and grass height, was characterized during January
and February by 96 transects in 2009, as well as 102 transects in 2010 and 2011. The transects of one
kilometer of length were located according to a grid of squares with side lengths of 18 km covering
the study area (Figure 2). The grid design was based on information from vector files of land use and
roads network [31]. From all the 17 quadrants, only those with roads of acceptable condition were
selected for easy access to the sampling points (red marks, Figure 1), which were located at every
500 m in each quadrant, as was established in a previous study [14]. For vegetation sampling, only the
first three points of each quadrant were selected. In them, two sampling transects, perpendicular
to the path, were established. Along the transects, circles of 5 m of radius were located each 100 m.
In these circles, the area covered by grass canopy was visually assessed and the heights of three plants
were measured at the ground level. For the height measurements, a small, a medium and a tall plant
were chosen. From the three values, an average was estimated. All the measurements were made by
only one person. For a summary of field data, the average CGC and grass height were obtained.

Figure 2. Spatial location of the samples within the study area.
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Two scenes (path/row 31/41 and 31/42) of Landsat TM5 were acquired for each of the studied
years from the United States Geological Survey (USGS) Global Visualization Viewer (GloVis, https:
//www.usgs.gov). The Landsat images correspond to the date of ground measurements, 5th February
in 2009, 8th February in 2010, and 11th February 2011. For each year, the scenes were merged into
a single mosaic.

To establish the relationship between the variables of vegetation structure and spectral values,
the spectral information of the digital number (DN), extracted from the bands 1–5 and 7 of the sensor,
the radiometrically-corrected values of reflectance and three synthetic bands, generated for the tasseled
cap (TC), were correlated with CGC and grass height. The obtained bands of TC corresponded to
the components of brightness (B), greenness (G) and wetness (W) [32]. The radiometric calibration
was made by converting the gross value of each pixel (DN) into values of absolute spectral radiance.
To reduce the variability among scenes, the spectral radiance was converted into exoatmospheric
top of the atmosphere (TOA) reflectance. Formulae and coefficients provided by Chander et al. [33],
represented by Equations (1) and (2), were used to perform the radiometric corrections applied to the
TM sensor.

Lλ =

(
Lmaxλ − Lminλ

QCALmax − QCALmin

)
× (QCAL − QCALmin) + Lminλ (1)

ρλ =
π× Lλ × d2

ESUNλ × cos θs
(2)

where QCAL is DN; QCALmin and QCALmax are the minimum and maximum quantized calibrated
pixel values, respectively; Lminλ is the spectral radiance scales to QCALmin; Lmaxλ is the spectral
radiance scales to QCALmax; d is the distance from the earth to the sun; ESUNλ is the mean solar
exoatmospheric irradiance; and θs is the solar zenith angle.

The atmospheric correction seeks to reduce or eliminate the image distortions resulting from
the interaction of the atmosphere components with the sensor [34]. Such correction allows the
standardization of image data and thus permits a comparison of images from different dates. From each
of the circles of vegetation sampling located in the transects, the value of reflectance and TC components
for each band were obtained from the corresponding pixel. Although some bushes and forests exist in
the area, when sampling of vegetation in areas dominated by pasture, the sensor data were mainly
associated to the spectral signatures of pastures. The bands that best explained the variables of CGC
and grass height were selected to feed the models.

2.2. Statistical Analysis

The normality of the variables was proven with the Shapiro–Wilk test. After checking it,
an analysis of variance was applied to determine if the differences among the quadrants were
significant. Subsequently, multiple regression models [35] were run to explore the relationships of
CGC and grass height with the spectral data. The CGC and grass height were established as response
variables while the spectral data were used as independent variables. The spectral data included the
DN, reflectance values and the values from the tasseled cap. The models were produced separately by
dependent variable and by year. Once the models were obtained, the Gauss–Markov assumptions,
which include normality, independence and homogeneity of variance, were verified on the data.
To verify normality, the test was applied to the residuals of each model; to check independence, it was
determined whether the correlation between the residual and predicted values were zero; and, to verify
the homogeneity of variance, it was verified whether the correlation between the absolute value of the
residuals and predicted values were close to zero (p > 0.05).

2.3. Maps of Cover of Grass Canopy and Grass Height

The estimators of the selected full models were used to construct maps of the variables CGC and
grass height. For the case of CGC (%), their continuous values were reclassified in the following five
classes: water bodies, 0–25 (low), 25–50 (medium), 50–75 (high) and 75–100 (very high). For the case
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of grass height (cm), the classes were water bodies, 0–25 (low), 25–50 (medium), 50–75 (high) and
>75 (very high). To make a comparison between the resulting maps, a cross-tabulation of images was
made. Such a cross-tabulation determines the frequency of pixels that stayed constant during the
evaluation period and serves to make inferences about the dynamics of CGC and grass height through
time in the study area. Through this operation, the categories of a raster image were compared with
those of a second image; both images had to have the same number of categories and the same data
type. The operation casts the Kappa Index (KI) as a measure of agreement. The KI ranges from zero,
indicating that there is no agreement, and up to one, indicating perfect agreement [36,37].

2.4. Meteorological Data

Given that information about precipitation in the study area was scarce, vector files from the
National Meteorological Service, providing information on drought events occurring in the country,
were used. These data are based on obtaining and interpreting indicators such as the standardized
precipitation index (SPI), precipitation percent anomaly, satellite vegetation health index (VHI),
NOAA/CPC leaky bucket soil moisture model, the normalized difference vegetation index (NDVI),
the average temperature anomaly, the water availability percentage in the country’s dams and the
contribution of local experts. These indicators are displayed in the form of layers in a geographic
information system and, by consensus, the drought-affected regions are determined according to
a scale of intensities ranging from abnormally dry, moderate drought, severe drought, drought extreme
and exceptional drought. As a result of the consensus, polygons for the intensity of drought were
delineated, generating shape files. When the polygons correspond to the mid-month analysis (issued on
the 15th day of each month) they are used to quantify the drought on the domestic territory. Likewise,
when the polygons correspond to the final evaluation of the month, they complement the regional or
continental map of the North American Drought Monitor [38]. Weather information linked to drought
events was used to explain the different scenarios shown by the maps, considering that these events are
related to precipitation and, in turn, rains occurring in a given year can largely explain the grassland
conditions [39].

3. Results

3.1. Field Data

The average CGC ranged between 50%–75% and there were no differences between the three
years (p > 0.05). Conversely, significant differences in grass height (cm) were found among the years
studied (p < 0.05). The lowest values were recorded in 2009 (Table 1).

Table 1. Average (or mean) of field data for Coverage of Grass Canopy (CGC) and grass height in the
quadrants measured in Cuchillas de la Zarca.

QUADRANT
CGC (%) Grass Height (cm)

2009 2010 2011 2009 2010 2011

1 65.5 57.8 54.3 9.0 13.5 12.2
2 63.0 58.8 59.9 15.8 25.9 30.8
3 50.7 49.8 44.1 13.4 8.2 7.3
4 68.1 61.2 66.0 16.9 28.9 27.6
5 57.7 45.4 55.6 19.8 15.8 12.5
6 49.8 52.7 46.1 8.7 10.6 9.4
7 67.1 69.5 67.8 19.6 30.2 32.7
8 60.6 51.2 55.2 8.3 15.4 11.3
9 60.6 58.3 61.9 9.2 25.5 20.0

10 65.1 65.3 60.2 13.2 20.1 17.4
11 70.9 62.9 65.5 11.9 21.3 23.5
12 60.5 53.8 57.5 8.7 15.9 20.0
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Table 1. Cont.

QUADRANT
CGC (%) Grass Height (cm)

2009 2010 2011 2009 2010 2011

13 66.5 41.8 50.8 11.2 22.6 15.9
14 49.5 51.2 53.7 12.4 20.6 21.7
15 41.3 26.6 27.5 7.0 9.7 9.8
16 36.0 16.8 22.3 10.4 15.3 19.8
17 - 64.0 64.0 - 27.3 24.4

3.2. Spectral Data

The digital numbers and reflectance values followed the same pattern over the three years
evaluated; bands 5, 7 (middle-infrared) and 4 (near-infrared) registered the highest values. A decline
of reflectance was observed for the quadrants located in the central and southeast parts of the study
area, particularly from the bands 1–3 (blue, green and red, respectively). In 2011, the values from the
bands 2–4 and 7 showed a slight difference compared to the other two years (Figure 3).

Figure 3. Spectral signature average expressed as reflectance and the digital number for each quadrant
((a) band1, (b) band2, (c) band3; (d) band4, (e) band5, (f) band7).

Forty-two models for CGC and grass height were obtained. They corresponded to three years,
two dependent variables, three elements of TC with the original bands, radiometrically-corrected bands
and three transformations of dependent with independent variables. Six of the models were selected,
one for each variable per year. The selected models met the Gauss–Markov assumptions, and had the
lowest statistical deviance information criterion, Akaike information criterion, Bayesian information
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criterion, (DIC, AIC, BIC) and the Root Mean Square Error (RMSE). In all the cases, the selected models
only used images from bands into original digital values or in combination with an element of the
TC. The coefficients of determination for the six models were high and with a significant probability
(p < 0.01). In addition, the validation tests allowed us to verify the usefulness of each model, since the
values of the mean square error of validation were slightly lower than those of calibration (Table 2).

Table 2. Coefficients of determination of linear regression models (p < 0.01).

Variable Year
Statistics Mean Square Error

R2 DIC AIC BIC RMSE Training Validation

CGC

2011 0.81 11945 753.51 776.6 10.55 115.5 114.4

2010 0.81 11945 753.51 776.59 11.15 118.7 117.4

2009 0.72 10090 630.01 649.07 11.23 92.0 91.3

Grass Height

2011 0.82 0.38 −265.1 −244.1 0.060 50.2 48.7

2010 0.79 0.49 −215.8 −192.7 0.071 69.5 68.7

2009 0.73 6027.2 588.8 607.8 0.067 67.3 65.9

DIC = Deviance Information Criterion, AIC = Akaike Information Criterion, BIC = Bayesian Information Criterion,
RMSE = Root Mean Square Error, CGC = Coverage of Grass Canopy.

For CGC, the best selected models for 2010 and 2011 used the bands in combination with the B
element of the TC. For 2009, the model only used bands (Table 3). Similarly, the grass height models
of 2009 and 2011 used only bands. Conversely, the models of 2010 used both the bands and the W
element of TC (Table 4).

Table 3. Estimators of the regression models for coverage grass canopy (CGC).

Year Intercept B1 B2 B3 B4 B5 B7 TCb

2011 −8.5 2.2 −6.9 * 1.9 0.9 0.3 −2.3 * 0.7
2010 29 1.6 −1.8 3.0 2.0 2.3 −2.8 * −2.4
2009 −5.4 2.5 −4.9 3.8 −1.9 1.7 * −3.4 * N/A

(B = band; 1,2,4,5,7 = band number; TCb = b element of the Tassaled Cap band; * p < 0.01).

Table 4. Estimators of the regression models for grass height.

Year Intercept B1 B2 B3 B4 B5 B7 TCw

2011 0.51 * 0.02 −0.07 * 0.04 * −0.01 0.01 * −0.02 *
2010 0.87 * 0.03 * −0.03 0.06 * 0.02 −0.06 −0.06 * −0.09
2009 88.4 * −2.04 4.1 0.12 −0.61 0.87 * −2.6 *

(B = band; 1,2,4,5,7 = band number; TCw = w element of the Tassaled Cap band; * p < 0.01).

3.3. Distribution Maps of CGC, Grass Height and Kappa Index

The selected models allowed the obtainment of CGC maps for three years (Figures 4a, 5a and 6a).
According to the Kappa Index, among all the CGC maps a moderate concordance was presented,
which was slightly higher between 2009 and 2010 and lower between 2010 and 2011 (Table 5). This was
perhaps due to the fact that in 2009 and 2010 much of the surface of the study area presented a higher
CGC (50–75%), while in 2011 the predominant interval was mainly located in low or intermediate
levels (25–50%), as can be seen in Figure 4a. In 2009, the areas with higher CGC were in the zones of
grassland and in the desert scrub. For 2010, the highest CGC was found in the northwest, a zone in
which grassland areas and oak-pine forest are predominant. A similar pattern of distribution of the
classes was seen in 2010 and 2011, although in a lower and more dispersed way for the latter.
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As in the case of CGC, three maps of grass height were obtained from the selected models
(Figures 4b, 5b and 6b). Based on the Kappa index only, a moderate concordance was presented
between the maps of 2010 and 2011, while 2009 had a weak concordance for the two years (Table 5).
According to the graph of the surface of the grass height ranges (Figure 7), the basic difference among
the years with moderate concordance lay mainly in the fact that during 2009 the interval with the
highest frequency was 0–25 cm, and for 2010 and 2011 it was 50–75 and 25–50 cm, respectively.
Regarding 2009, it was characterized by grasses of low grass height along almost all of CUZA, only 8%
of the area had a height of grass in the range of 25–50 cm, located primarily in the oak-pine areas.
In 2010, the taller-height range (50–75 cm) was distributed generally almost along the entire area,
except for the southeastern region, where grasslands with a lower grass height prevailed. Grasslands
of greater grass height (>75) were conserved in both forest-oak and grassland areas. In 2011, the height
ranges had a behavior similar to 2010, except that in the former, the range with the greatest presence
was 25–50 cm in 57.2% of the area. In terms of distribution, the lowest grasses were in the oak-pine
forests, whereas the middle and taller heights were distributed more or less uniformly through the area.

 

Figure 4. (a) Coverage of grass canopy (CGC) and (b) grass height distributions for 2009.

 

Figure 5. (a) Coverage of grass canopy (CGC) and (b) grass height distributions for 2010.
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Figure 6. (a) Coverage of grass canopy (CGC) and (b) grass height distributions for 2011.

According to the Kappa index, the CGC images exhibit a moderate agreement among them. In the
case of the variable grass height, the highest agreement occurred between 2010 and 2011 (Table 5). In the
case of the variable CGC, the greatest agreement was observed the years 2009 and 2010. The lowest
agreement between the images was obtained for the variable grass height when comparing 2009 and
2010, as well as 2009 and 2011, which can be explained by the large surface area with a low grass
height showed in the map of 2009. The field data showed lower mean and statistical differences
for this year, as mentioned above. However, the best agreement between maps of 2010 and 2011
does not necessarily mean a spatial correspondence between the variables. Thus, an area with high
CGC does not necessarily correspond to an area with a high grass height of the grassland. Moreover,
although the descriptions of the variable distribution were generally completed, various degrees of
structural heterogeneity can be appreciated with a greater detail in the maps.

Table 5. Kappa index between the maps for Coverage of Grass Canopy (CGC) and grass height during
the three years studied.

CGC

2009 2010 2011
1 0.59 ** 0.56 ** 2009

1 0.49 ** 2010

Grass Height

2009 2010 2011
1 0.36 * 0.40 * 2009

1 0.59 ** 2010

* weak and ** moderate agreements.
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(a) (b) 

Figure 7. Area in percentages occupied by the ranges of (a) Coverage of Grass Canopy (CGC) and
(b) grass height in the region Cuchillas de la Zarca.

4. Discussion

In the literature, there is a diversity of papers similar to this study in which the coefficients
of determination are lower or similar, especially in cases where the same sensor is used [23,25].
The precision of the results may be partially due to the method of obtaining information in the field,
the characteristics of the sensor (i.e., temporal and spatial resolution) and its age, the type of ecosystem,
as well as the statistical analyses carried out. The latter appears to substantially affect the fit of the
models between the data from the field and the sensor data [40–43]. Although some studies have
obtained a good fit with the use of a limited number of bands [25,42], others studies [23] have required
the interaction of a greater number of bands, indices or synthetic bands to achieve a better fit, as it
was the case in this study. It is worth mentioning that the models selected for one year may not be
appropriate to be used for a different year, because the images from different years have different
digital values [44]. Possibly, a good fit on the models was not achieved with the data from the images
due to an unsatisfactory correction of the data, which did not allow the use of a single model for each
variable for the three years [45].

To explain the slight quantitative differences between the CGC maps, the study of Khumalo
and Holechek [46] was considered. They found that the precipitation of the previous year is one
of the major factors that are associated with biomass production in grasslands of the Chihuahuan
Desert in southern New Mexico. Their results showed that individually, precipitation in August is
the variable most highly correlated to the grassland condition. When analyzing the drought data for
the three years, the presence of this phenomenon was not observed in the area during this month [38].
This may explain why there were basically no differences in the Kappa index of CGC for the three years.
Therefore, for these variations among the years, other aspects such as spatial variation in grazing,
forest fires and the phenology of the grass species should be considered. The CGC levels recorded
during the three winter seasons studied could have enabled different species of wildlife, such as
migratory grassland birds, to find this important habitat requirement [47].

The high reflectance values for the middle-infrared and near-infrared bands correspond to the
general pattern of spectral behavior in vegetated surfaces [42]. The highest values for bands 2–4, 7 in
2011 may indicate high moisture contents in the soil as well as vegetation vigor. The latter factor may
be attributed to the photosynthetic activity of perennial grasses, which grow and develop during the
rains of February. However, according to the comparison of the maps, this difference does not seem
to have greater repercussions with respect to the marked differences between the levels of CGC and
grass height between 2010 and 2011. The decline in reflectance values of the bands 1–3 in some of the
quadrants in the central and the southeastern zones, seems to be more associated with the particular
characteristics of the composition and structure of the vegetation in some transects, since the resulting
maps did not reflect the same pattern.

The CGC and grass height showed quantitative inter-annual fluctuations and spatio-temporal
variations without an apparent specific pattern. Jin et al. [48] found similar results for biomass, which is
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directly related to CGC and grass height. The greatest quantitative variation was registered for the
variable height, which was possibly due to the fact that this variable is more susceptible to changes
than CGC. This may be related to the grasses’ characteristics, such as senescence [49]. In addition,
when grazing is practiced in an area, the height of the grassland is the first variable affected. However,
and similar to the variable CGC, other abiotic factors should be discarded, such as climate variables,
which may affect the characteristics of the grassland [50,51].

The spatial heterogeneity observed in all the maps on a larger scale, agreed with the results
found in other studies [48,52]. Even though in our study we found evidence of spatial gradients,
these were not as marked as the ones found at the larger scale. Among other things, this element
allows the presence of various species of grassland birds that have different CGC and grass height
requirements during the winter season [14]. Hence, it has been found that the CUZA region is an area
of high diversity of not only bird species, but also of some others, such as grasses and forbs [53,54].
According to McGranahan et al. [55], additional factors that could influence this heterogeneity are fires
and grazing.

The maps generated for CGC and grass height showed moderately high accuracies that can
be representative and used as a reference to help assess current and future land use development,
grasslands capacities, animal production potentials and the status of grassland avian habitats [41,56–58].

5. Conclusions

Through the use of images of the Landsat TM5 sensor, it was possible to predict the spatial
distribution of CGC and grass height of a grassland, using linear models in combination with field
data. Although a field validation was not performed, the maps contributed to the understanding of the
characteristics and dynamics of the Chihuahuan Desert grasslands. The information generated may
serve to establish better strategies for monitoring grasslands and determine those areas that are most
relevant for conservation. In addition, the methodology implemented in this study can be applied to
perform a program for monitoring the grassland condition.

A benefit of the methodology applied in this study is the ability to identify and focus fragmented
and degraded areas. Other benefits include the capacity to extrapolate from limited ground monitoring
locations with increased confidence to the possibility of monitoring inaccessible areas, as well as to
analyze changes across the landscape over time.

The maps obtained with this approach can be used as layers to model the potential distribution of
migratory grassland birds given that the structural characteristics of vegetation are among the main
factors that determine their distribution in the area.
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Abstract: Recently, droughts have become widespread in the Northern Hemisphere, including in
Mongolia. The ground surface condition, particularly vegetation coverage, affects the occurrence of
dust storms. The main sources of dust storms in the Asian region are the Taklimakan and Mongolian
Gobi desert regions. In these regions, precipitation is one of the most important factors for growth of
plants especially in arid and semi-arid land. The purpose of this study is to clarify the relationship
between precipitation and vegetation cover dynamics over 29 years in the Gobi region. We compared
the patterns between precipitation and Normalized Difference Vegetation Index (NDVI) for a period
of 29 years. The precipitation and vegetation datasets were examined to investigate the trends
during 1985–2013. Cross correlation analysis between the precipitation and the NDVI anomalies was
performed. Data analysis showed that the variations of NDVI anomalies in the east region correspond
well with the precipitation anomalies during this period. However, in the southwest region of the
Gobi region, the NDVI had decreased regardless of the precipitation amount, especially since 2010.
This result showed that vegetation in this region was more degraded than in the other areas.

Keywords: vegetation response to precipitation; dust storm outbreak; cross correlation analysis;
the Hovmoller diagram; environmental regime shift; Gobi desert of Mongolia

1. Introduction

Located in Central Asia, the Gobi includes a great desert and semi-arid region that stretches
across huge portions of both Mongolia and China. The characteristic vegetation constitutes mixtures
of grasslands, shrubs, saltwort and thorny trees. The Mongolian Gobi is a source for the formation of
dust storms that sweep across East Asia [1]. Dust storms frequently occur in arid and semi-arid regions
and may have contributed to the desertification observed in recent decades as well as the accelerated
occurrence of more arid conditions over the drylands of Asia [2]. In the arid regions of continental East
Asia, dust storms frequently occur in spring [3,4]. Vegetation coverage is one of the most important
factors for the reduction of dust storm occurrence [5–7]. In these regions, the summer season is the
highest season of vegetation activity. Previous studies showed that not only spring vegetation plays
an important role in reducing dust storm frequencies but the previous summer vegetation in these
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arid and semi-arid regions also plays a role. For example, Kurosaki et al. [8] proposed a hypothesis in
which dead leaves of grasses in spring, which are residue from the preceding summer’s vegetation,
were the main factor suppressing dust events. In a more recent study, Nandiatsetseg and Shinoda [9]
also pointed out that standing dead grasses had the most significant impact on spring dust outbreaks.
In addition, it is known that spring dust storm frequency in China appears to be more correlated
with NDVI from the prior summer than that in March to May of the same year [10]. The land surface
memory in the Mongolian grasslands was investigated [11]. They showed that soil moisture and
vegetation anomalies determined by summer precipitation were maintained during winter, affecting
dust occurrence in the following spring. Furthermore, perennial plants such as shrub, dominant
in arid and semi-arid Gobi region, may remain alive as NDVI memory and retain as a memory of
belowground biomass anomalies under the snow cover and in the frozen soil [12]. They also pointed
out that the belowground biomass anomalies appeared to affect the aboveground anomalies at the
initial vegetation growth during the spring as detected by NDVI [12]. This shows that perennial plants
can easily affect vegetation coverage.

Water is the main limiting factor for vegetation growth over southern Mongolia [13]. However,
both observation and modelling studies have indicated that an aridity trend is occurring and will occur
most significantly in the semi-arid regions with droughts becoming more widespread in the Northern
Hemisphere, including Asia, and particularly in Mongolia e.g., [14–17]. Furthermore, Huang et al.,
2016 [18] point out that the warming trends over drylands, particularly in arid regions, are twice as
great as those over humid regions. In this study, we used time series satellite vegetation measurements
from the National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution
Radiometer (AVHRR) sensor to examine the variability and trends of land surface conditions in the
Gobi region as represented by vegetation index data from 1985 to 2013.

2. Materials and Methods

2.1. Data of Analysis

2.1.1. NDVI Data

In this study, we use the Normalized Difference Vegetation Index (NDVI) to estimate vegetation
variation. NDVI is given by

NDVI =
NIR − RED
NIR + RED

(1)

where, RED and NIR are the surface reflectance bands in the 550–700 nm (visible) and 730–1000 nm
(infrared) regions of the electromagnetic spectrum, respectively. The NDVI3g data set used in this
study is derived from measurements made by the AVHRR sensor aboard NOAA polar orbiting satellite
series (NOAA-7, 9, 11, 14, 16). The NDVI3g data set is provided by the GIMMS group at NASA’s
Goddard Space Flight Center, as described by Tucker et al. [19] and cover the period from 1981 to
2013, with a spatial resolution of 8 km by 8 km. The NDVI data were generated from processed 15-day
NDVI composites using the maximum value compositing procedure to minimize effects of cloud
contamination, varying solar zenith angles and surface topography [20]. For this study, we subset the
Gobi region covering the geographical domain 90◦ E–117.5◦ E and 40◦ N–47.5◦ N, from the continental
data set for the period from January 1985 to December 2013 (Figure 1). Figure 1 shows the map of the
NDVI average of all data for the study period from 1985 to 2013.
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Figure 1. Long-term mean NDVI for the Gobi region (1985–2013) showing the transition from the
eastern region with NDVI values of 0.6 to the west with values 0.02. Where, Long-term mean NDVI
was averaged monthly maximum NDVI from 1985 to 2013. The numbered locations indicate sites
where NDVI data were extracted to examine the temporal variations and trends in NDVI from 1985 to
2013. Furthermore, the red triangles show that the distribution of WMO (the World Meteorological
Organization) synoptic stations in Mongolia used for this study. All stations are located in the desert
steppe zone of the study area.

2.1.2. Precipitation Data

The Global Precipitation Climatology Project (GPCP) data was derived from a joint analysis
of satellite data, and gauge data [21]. This precipitation data has daily and monthly data. Daily
data has (1◦ × 1◦) spatial resolution acquired between October 1996 and May 2015. Monthly data
has (2.5◦ × 2.5◦) spatial resolution acquired between January 1979 and May 2015. Since previous
applications of NDVI in the Gobi region were focused mainly on the rainy season, NDVI patterns
during the Growing Season (GS) were analyzed. In addition, we used daily precipitation data obtained
from WMO synoptic data from 2001 to 2010. This data was used to evaluate the relationship with the
number of dust storm days and NDVI using single regression analysis.

2.1.3. Dust Storm Monitoring Data

The WMO SYNOP surface weather data was used as the number of dust storm days. This data
is daily data and recorded as 1 when dust storms are observed visually in a day. The data used in
this study was obtained from 8 stations (Figure 1). The available period of this data is between 2001
and 2010.

2.2. Methods

We examined the spatiotemporal and seasonal variations, as well as the anomaly patterns for the
monthly time series from 1985 to 2013. The growing season was defined by examining the long-term
mean patterns of both precipitation and NDVI as shown in Figure 2a,b. Respectively, and with reference
to long-term patterns of annual average precipitation distribution [22]. The months of May through
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September were selected to represent the average start and end of the Growing Season, referred to
here as GS using Figure 2. These figures were created from the results of calculating the monthly
average of precipitation and NDVI during the study period. This shows the long-term mean for this
region. Interannual variability in the NDVI pattern was examined by calculating yearly GS anomalies
as follows;

NDVIσ = [((NDVIα)/(NDVIμ)− 1)× 100] (2)

where NDVIσ are the respective GS percent anomalies, NDVIα are individual seasonal GS means
and NDVIμ is the long-term GS mean. We also examined the precipitation anomalies during GS
using the same method as that used for NDVI anomalies. Then we used the cumulative values of
precipitation during GS. In addition, we performed cross correlation analysis between the cumulative
precipitation and averaged NDVI for 15 days by averaging pixels in (1◦ × 1◦) and verified the results
of comparison with both trends. Cross-correlation is a generalization of the correlation measure as
it takes into account the lag of NDVI relative to precipitation. Here, 1 time lag shows that there is
15 days lag between NDVI and precipitation. Cross-correlation is particularly important to assess the
causal relationship between two signals in time. The analysis period is determined by the period of
daily precipitation data from 1996 to 2013. Furthermore, we performed a single regression analysis
to confirm the relationship between vegetation in GS with the number of days in which dust storms
occurred during the following spring and also precipitation in GS at each of the 8 stations.

(a) (b)

Figure 2. Hovmoller diagrams: (a) monthly precipitation and (b) monthly NDVI for the Gobi region
averaged between 90◦ E–117.5◦ E and 40◦ N–47.5◦ N.

3. Results

3.1. Spatial Patterns and Trends for Vegetation Response to Precipitation

The time series anomaly for the region are depicted by the Hovmoller diagram for the period
from January 1985 to December 2013 (Figure 3a,b). It was considered that variation in vegetation arises
due to a difference in distribution of climatological conventional precipitation in the monsoon season.
The amount of precipitation, which is supplied by monsoons from the Pacific and Indian Oceans [23],
differs greatly between east and west. Following Figures 2 and 3, vegetation in the eastern region
(from 110◦ E to 117.5◦ E), which had higher conventional precipitation, had a higher response to the
precipitation than the other regions. In the eastern region, relatively low amounts of precipitation had
been reported between 1999 and 2011. However, vegetation anomaly responds to a little increased
precipitation such as 2003 and 2008. In contrast, in the central part of the study area (100◦ E from
110◦ E), a high response of vegetation to higher precipitation was observed such as in 1994, 1995 and
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2003, but there was not high response to precipitation after 2005. The western region beginning from
100◦ E to 90◦ E showed a low response of vegetation to precipitation as compared to the east and
central parts starting from 1985 due to the lower amount of conventional precipitation. However,
there was no response of vegetation to precipitation especially since 2005. Fluctuations in precipitation
anomaly with the whole region have increased especially since 2000. During the period 1985–1992,
precipitation anomalies show almost normal precipitation conditions ranging between −20% and
10%. And during the period 1993–1999, precipitation anomalies show above normal precipitation
conditions with positive anomalies ranging between 30% and 70% in the central region and part of
western region. However, the period 2000–2013 increases a pattern of below normal precipitation
conditions. In this period, the extreme negative value was less than 40% below normal. According to
Figure 3, from 1985 to 2000, the NDVI patterns almost agreed with precipitation patterns. NDVI in the
eastern region had kept this pattern after 2000 as well. Contrary to this, a part of the center region and
whole western region had a negative trend especially from 2010 and did not recover in the following
years with greater values of precipitation. It is assumed that this area had become desertified. This
region includes Xinjiang, which is very sensitive to climate change [24].

(a) (b)

Figure 3. Hovmoller diagrams: (a) precipitation anomaly and (b) NDVI anomaly for the Gobi region
averaged between 90◦ E–117.5◦ E and 40◦ N–47.5◦ N.

Time series of NDVI and precipitation for selected locations across the Gobi region for the period
from 1985 to 2013 are shown in Figure 4. The data presented here are averaged NDVI values and
cumulative precipitation for GS at each point. Sites 1 and 2 showed no change in trends of NDVI
through the time series. On the other hand, site 3 showed a positive trend from 2003, and site 4 showed
a negative trend from around 2009. There was a big difference in variation in NDVI values for sites 1 to
4. Sites 1 and 2 had a relatively large variation of NDVI year to year following precipitation variation.
Conversely, sites 3 and 4 had a small variation. Site 4 especially shows a declining trend since 2010.
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(a) (b)

Figure 4. Time series of average GS (the Growing season for plants; from May to September) NDVI
for selected sites across the Gobi region and cumulative GS precipitation during the same period (a,b).
All sites, excluding site 4, exhibit a similar trend of precipitation variation over time (a). Site 4 shows
minimal variation. On the one hand, the distribution patterns of NDVI have indicated a decreased
amount of precipitation and a shift from the Northeast to Southwest region (b).

3.2. Cross Correlation Analysis

The results of the cross-correlation analysis across the Gobi region for the period 1996 to 2013 are
shown in Figure 5a. All number are correlation coefficient (r) and the values of probability p showed
these are significant (p < 0.05). The distribution of correlation coefficient is shown in Figure 5b. In the
eastern region, there was a relatively high trend of correlation coefficient. By contrast, the time lag was
larger and the correlation coefficient was very low in the western region, especially in the southwest
area. The time lag was almost 0. It showed that the vegetation responded to precipitation within
15 days after precipitation events. The positive relationship between NDVI and precipitation during
GS in the Saikhan-ovoo site is shown as an example (Figure 6). The highest correlation coefficient value
was 0.72 (R2 = 0.52, p < 0.05) at time lag 0 locations. The vegetation had decreasing trends, but we
postulate that it would recover in most locations during seasons with sufficient precipitation.

(a) 

Figure 5. Cont.
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(b)

Figure 5. (a) Map of the correlation between precipitation and NDVI, and distribution of time lag
in response to precipitation; (b) Correlation coefficient matrix. Each bold number shows that the
correlation coefficient has some time lag.

 

(a) (b) 

Figure 6. (a,b) Relationship between NDVI and precipitation during GS at Saikhan-ovoo site.

3.3. Single Regression Analysis

As shown in Figure 7, the highest frequency of dust storm occurs in the spring season. Figures 7
and 8 show that the year of low vegetation agreed with relatively high frequency of dust storm
occurrence, such as in 2009. Figure 8 shows the relationship between summer vegetation and the
number of days in which dust storms occurred during the following spring at each meteorological
station. These stations are located in the desert steppe zone of our study area. We analyzed this
relationship using single regression analysis. From these results, the correlation coefficients were
negative and the values were relatively high at Mandalgobi, Bayandelger, and Sainshand. These 3 sites
have more plant species than places such as Tsogtovoo, Dalanzadgad and so on. Annual plant species
are especially unstable, and the amount of biomass can have an effect on the frequency of dust storm
occurrence. Therefore, the conditions of vegetation coverage during GS might influence dust storm
frequency. It has been suggested that maintaining vegetation coverage during this period could reduce
outbreaks of dust storms during the following spring. It also indicates that the vegetation condition in
the southwest region of the Gobi should be monitored more carefully in the future. Figure 9 shows
the relationship between NDVI and precipitation in GS at each station. The correlation coefficients
were positive and the values were relatively high at Mandalgobi, Saikhan-ovoo, and Sainshand. These
results show that precipitation can affect NDVI and also dust storm occurrences in some regions.
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Figure 7. The annual and monthly distribution of dust storm days at Saikhan-ovoo site.

(a) (b) (c) (d) 

(e) (f) (g) (h) 

Figure 8. (a–h) Relationship between dust storm days and NDVI at each station.
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(a) (b) (c) (d) 

(e) (f) (g) (h) 

Figure 9. (a–h) Relationship between NDVI and precipitation at each station.

4. Discussion

In the arid and semi-arid Gobi region, vegetation cover is mainly constituted of annual and
perennial plants. For example, Suaeda aralocaspica is a monoecious annual species commonly found
in the Gobi desert and many perennial plants are found in this region, especially shrubs typified as
Haloxylon ammodendron. Annual plants exist as dead grass in the spring, but are not reflected in NDVI.
However, rainfall encourages the growth of annually herbaceous plants and is recorded as a memory of
biomass (Dry Matter Productivity) in summer, and in the following year they suppress dust emission
as dry grass. The differences in dead grass coverage rates may increase or decrease the outbreak of
dust storms. On the other hand, perennial plants have very deep roots and this type of vegetation
are effective in extracting water from their bare surroundings and therefore survive [25], so the effect
of precipitation would be minimal. Furthermore, they can survive winter into the following spring
and affect the frequency of dust storm outbreaks. However, once perennial plants, e.g., shrubs are in
a dormant state, they need a substantial amount of time to recover. This is one of the contributory
factors to the occurrence of desertification. In our study area, the typical plants are mainly perennial
plants because of low precipitation and we found that the vegetation coverage had decreased in our
study period.

Real world systems occasionally undergo substantial changes triggered by minor disturbances.
A major theoretical finding when it comes to regime shifts is that ecosystems recover slowly from small
perturbations in the vicinity of tipping points (Figure 10b). However, indicators of critical slowing
down are not manifested in all cases where regime shifts occur, because not all regime shifts are
associated with tipping points. In recent years, this challenge has gained importance as it is unclear
how grassland ecosystems will respond to current trends in climate patterns and anthropogenic
pressures [26]. The provided water such as rainfall is one of the most important factors for vegetation
especially in arid regions (Figure 10a). As shown in Figures 10 and 11, the areas highlighted with the
circle and square respectively, are situated in China, such as Gansu, Xinjiang uygur and Bayannaoer.
A previous study showed that there was a declining trend in Bayannaoer in Inner Mongolia during
1999–2012 [27]. In 2001 and 2002, very low precipitation with anomaly value of −40% or less was
found and vegetation tendency changed around the same time, after that, the negative trend continued
(Figure 10c,d). From these results, it is considered that one cause of vegetation degeneration is likely to
be change in precipitation. In semi-arid ecosystems, water availability is the dominant factor regulating
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soil respiration [28]. Water availability moderates the effects of other factors such as temperature
and substrate supply, on soil respiration. And its interannual variations is directly linked to both the
intensity and the frequency of precipitation. Shifts in precipitation regime will alter not only the size
of individual rainfall events, but also the length of the dry-spell duration and thus the antecedent
soil water condition [29]. When the pasture land undergoes desertification, the seed bank in the soil
disappears and the soil layer is destroyed. We found that vegetation does not respond to precipitation
at all after a certain time in some regions (Figure 10). We found that since 2003, vegetation no longer
responded to precipitation in F2 region.

Figure 10. Environmental regime shifting in North China during 2003–2013. (a) shows that the concept
of relationship between precipitation and vegetation. And (b) shows that the concept of regime shift.
(c,d) are enhanced the difference Figure 3 (Hovmoller diagrams: where, (c) precipitation anomaly and
(d) NDVI anomaly for the study area).

Desertification can increase the occurrence of dust storms as has been observed in the Tibetan
Plateau and Hexi Corridor in recent years [30]. This includes areas located in Northwest China,
within the Tarim Basin. Perennial plants are dominant in this area due to low precipitation and
desertification is therefore more likely to occur when there are drought conditions. This study focuses
on the dynamic interaction between precipitation, vegetation (NDVI) and dust emissions, however,
only in the growing season (GS) are the annual grasses reflected in NDVI. Desertification is a kind
of environment regime shift. While environment regime shift was not found in our Mongolian sites,
it was observed in our Chinese sites [31] (Figure 11). As shown in Figure 11, the area highlighted with
the circle where vegetation cover was degraded, is situated in China and includes Gansu, Xinjiang
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Uygur and Bayannaoer. According to previous studies, due to its unique geographical position and
vulnerable ecological environment, Xinjiang is very sensitive to climate change [24].

Figure 11. Anomaly NDVI in GS in (a) 1989; (b) 1994; (c) 2003; (d) 2012 and (e) 2013 [31].

5. Conclusions

Satellite measurements of vegetation dynamics in the Gobi region for a period of 29 years showed
interannual variation and trends. In the Gobi region, precipitation is confined to the period from
May to September. The variations of NDVI anomalies in the eastern region correspond well with
the documented precipitation anomalies during this period. However, some parts, especially those
in the southwest region of the Gobi region showed that the NDVI had decreased regardless of the
precipitation amount.

As a result of this study, it was unlikely that desertification would occur in our Mongolian sites.
However, as a result of this study, precipitation variation became significantly higher in the period after
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the year 2000. Furthermore, we found that vegetation in low precipitation areas was more degraded
than that in high precipitation areas. Therefore, it is necessary to carefully continue monitoring the
vegetation condition, especially in this region, in future studies.
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Abstract: In the Mongolian Plateau, the desert steppe, mountains, and dry lake bed surfaces may
affect the process of dust storm emissions. Among these three surface types, dry lake beds are
considered to contribute a substantial amount of global dust emissions and to be responsible for
“hot spots” of dust outbreaks. The land cover types in the study area were broadly divided into three
types, namely desert steppe, mountains, and dry lake beds, by a classification based on Normalized
Difference Water Index (NDWI) calculated from MODIS Terra satellite images, and Digital Elevation
Model (DEM). This dry lake beds extracting method using remote sensing offers a new technique
for identifying dust hot spots and potential untapped groundwater in the dry lands of the Gobi
region. In the study area, frequencies of dry lake bed formation were calculated during the period
of 2001 to 2014. The potential dry lake area corresponded well with the length of the river network
based on hydrogeological characterization (R2 = 0.59, p < 0.001). We suggest that the threshold
between dry lake bed areas and the formation of ephemeral lakes in semi-arid regions is eight days
of total precipitation.

Keywords: dry lake beds; dust storm emission; remote sensing; Gobi Desert region

1. Introduction

Dust storms are a common phenomenon that may negatively affect human and animal health.
In severe cases of dust storms, deaths of livestock have been reported in East Asia [1]. Because a large
quantity of soil particles are produced by erosion and sedimentation transportation and deposit in dry
lake beds [2], such dry lake beds represent areas where dust emissions occur [3]. Ginoux et al. (2012)
found dust sources to have natural and anthropogenic origins, with natural dust sources accounting
for 75% of global emissions and anthropogenic sources accounting for 25% [4]. Satellite images of dust
storms in the Gobi region often show that large dust clouds are comprised of many well-defined plumes
that emerge from “point” sources [5]. Farebrother et al. (2017) found a strong power relationship
between the lake area and the mass of deflated lake bed sediments in Southeastern Australia [6].
In Mongolia’s Gobi Desert, dry lake beds have been identified as a source of high-frequency dust
storms. In fact, the Gobi Desert has been recognized as an important dust storm source region [7].

Land 2017, 6, 88; doi:10.3390/land6040088 www.mdpi.com/journal/land360



Land 2017, 6, 88

Dry lake beds are considered to contribute a substantial amount of global dust emissions and to be
responsible for “hot spots” of dust outbreaks. Existing studies investigate potential water resources
in the Gobi for use in many sectors, including regional planning, agriculture, and nomadic grazing.
Water resources are identified through topographic and optical images obtained from remote sensing
satellites and integrated into GIS to investigate and identify potential shallow water correlated to
paleolakes and dry lakes beds [8]. These fields require an understanding of when and how water
collects and evaporates across a given area.

This study applies the use of remote sensing to identify potential dry lake beds, taking into
account the context of dry lake bed formation.

2. Materials and Methods

2.1. Study Area

The study area is located in Dornogobi, Dundgobi and Umnugobi provinces in semi-arid
Mongolia. It is part of the drylands of the eastern Gobi, and has been identified as a source of
dust storms (Figure 1) [1]. The semi-arid desert climate was determined from the Aridity Index of
Millennium Ecosystem Assessment [9]. The annual average precipitation in Sainshand (Station number:
443540) is 111 mm. Precipitation from June to November accounts for approximately 82% of the annual
precipitation. In contrast, the precipitation from December to May is 18% of the annual precipitation.

Figure 1. Map of the study area. The altitude in the area is 1030 ± 130 m. Mountains and valleys are
common geographical features in the area.

2.2. Classification of the Land Cover

Within the study area there are few variations of land use and land cover. Therefore, the land
cover classification was divided into mountainous regions, dry lake beds, and desert steppe using
satellite remote sensing. We define a mountain as an area where the slope is greater than 1.8◦. The dry
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lake beds are lakes that form seasonally depending on precipitation levels. Desert steppe is a typical
area of the Gobi where there are a few plants and dry grasses.

The classification method for the land cover (mountains, dry lake beds, desert steppe) is
shown as follows. The mountains are defined by an inclination threshold value of more than
1.8◦ and a higher altitude than the surrounding areas as calculated from the Digital Elevation
Model (DEM). The threshold value for the angle of inclination was determined from a field survey
conducted in Sainshand. The DEM (Spatial resolution: 90 m) was obtained from the Shuttle Radar
Topography Mission (SRTM) and analyzed in ESRI ArcGIS10.3 and Spatial Analyst tool (Extension tool
of ArcGIS10.3).

Using satellite remote sensing technology, the identification of dry lake beds has not been firmly
established until now. In the case of an optical satellite, identification by spectral characteristics
is difficult because the soil is bare in semi-arid regions such as Mongolia. Therefore, previous
identification methods of dry lake beds have focused on geographical characteristics (such as low
lying areas and plains) and the watershed topography of dry lake beds [10]. This method identifies
watershed areas during a target period, with the identified watershed area defined as a potential
dry lake bed. Figure 2 shows a flow chart for the identification of potential dry lake beds. Here, the
Normalized Difference Water Index (NDWI) is a numerical indicator that uses the visible red and
near-infrared bands of the electromagnetic spectrum to analyze remote sensing measures of water
areas and wet surfaces. The NDWI can be written as Equation (1) [11].

NDWI = (�Red − �SWIR)/(�Red + �SWIR) (1)

where, �Red and �SWIR refer to the spectral reflectance measurements acquired in the visible red and
short-wavelength infrared regions, respectively. The NDWI ranges from 1 to −1. NDWI > 0 is classified
as water areas and NDWI ≤ 0 defines non-water areas [12]. In our study, MODIS-Terra eight-day
500 m atmospheric corrected reflectance products (MOD09A1) were used to evaluate the water area
conditions from 18 February 2000 to 26 June 2015. The total number of images is 704, which are used
in the eight-day composite image.

To remove the influence of snow and cloud cover, a mask processing using the QA
(Quality Assessment) band of MOD09A1 was conducted. Firstly, the area of potential dry lake
beds extracted maximum NDWI from all pixels in NDWI images from September 2000 through
July 2014 (Figure 3). Then, to determine elevation and ground level, a mask processing of the
maximum NDWI pixels with the angle of inclination less than 1.8◦ calculated by DEM was performed.
In addition, the algorithm for re-sampling used the Nearest Neighbor method, which maintained
an original pixel level. Finally, all NDWI pixels greater than 0 were extracted as an area of potential
dry lake beds. The precision of potential dry lake beds location was compared with the result of
aerial photointerpretation where Spot image (space resolving power: 2.5 m) was used to inspect the
classification accuracy. Spot image is a data source acquired from the French National Space Research
Center used for Google Earth of Google Inc. Positional information of the aerial photointerpretation
included 454 data points within the study area. Furthermore, extracted potential dry lake beds were
clarified by comparing the geographical characteristics of river networks and watersheds. There are
no perennial streams found within the river networks of semi-arid regions such as lake beds and
wadis, and following a rainfall occurrence, intermitted surface flows appear within the lower portions.
The areas form as sheet flow and conveyance (channel) areas [13]. The area of length of a simple
linear regression is one way to model a relationship between river networks and potential dry lake
beds because it is supposed that potential dry lake beds are connected with river networks for
hydrology. The river network 15 s HydroSHEDS (Hydrological data and maps based on Shuttle
Elevation Derivatives at multiple scales) was provided by WWF (World Wildlife Fund).
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Figure 2. The identification method of potential dry lake beds based on Terra/MODIS and Digital
Elevation Model (DEM).

Figure 3. The pattern diagram of potential lake areas without lakes based on pixel-based maximum
Normalized Difference Water Index (NDWI) images. In the schematic diagram of NDWI shown in
Figure 2, pixel A is extracted as a potential lake area, and pixel B is extracted as an area without a lake
from September 2000 through July 2014.

2.3. Formation of Dry Lake Beds

Precipitation in drylands is characterized by large fluctuations throughout the year [14]. In desert
steppe regions such as the Gobi, the drop of permeability of the topsoil caused by rain has been
confirmed [15]. From such topsoil and characteristics of rainfall patterns, precipitation may contribute
to the formation of dry lake beds. Therefore, the changing tendencies of dry lake beds were identified
as time series data of precipitation from 2000 through 2014. Precipitation data was extracted when
ephemeral lakes were formed for the first time in each year. Then, because the scale of time and
space is large, precipitation data from the GPCP (Global Precipitation Climatology Project) 1◦ Daily
dataset was used. The total precipitation across eight days was aligned with the temporal resolution
of dry lake beds data. The precipitation across eight days added up to the GPCP daily precipitation
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as the time scale of MOD09A1 product is eight days. The precipitation data was created from daily
observations taken from 1 January 2000 to 31 July 2014.

3. Results

3.1. Classification of Land Cover

Using an aerial photointerpretation classification technique, 363 of 454 dry lake beds were
extracted. This means that our classification method succeeded in identifying dry lake beds with an
accuracy of approximately 80%. Mountainous areas were found from the southwestern reaches of the
study area (44◦10′~44◦40′ N, 107◦00′~109◦00′ E) (Figure 4). Dry lake beds tended to be distributed
in the northern mountainous areas (44◦40′ N). On the other hand, desert steppe constituted the
greatest percentage of land cover. In addition, mountainous areas, dry lake beds, and desert steppe
varied greatly within our study area. Desert steppe and mountain regions represented 69% and 30%,
respectively, with dry lake beds accounting for 1% of our study area. The area of desert steppe was
approximately 56 times the area of dry lake beds.

Figure 4. The distribution of three land cover types in the study area.

We then collated the identified dry lake beds with the river network found within our study
site. The surface flows provide runoff within the lower dry lake beds through the river network
(Figure 5). Dry lake beds in lower elevations can be understood as being part of a well-developed river
network. In addition, the area of dry lake beds showed a tendency to increase (Figure 6) (R2 = 0.59,
p < 0.001, N = 109). Because of rainfall occurrence, intermitted surface flows appear within the lower
portions [13], with the area of potential dry lake beds increasing as a result of an extended river
network. Thus, the geographical characteristics of dry lake beds became clear when found in low
elevations, which developed the river network.
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Figure 5. The distribution of potential dry lake beds and the river network.

Figure 6. Correlation between potential dry lake bed areas and the length of the river network.

3.2. Formation of the Dry Lake Beds

Rashki et al. (2013) found that the dryness of lakes in the Hamoun basin was strongly associated
with changes in land–atmosphere fluxes, soil moisture, and the frequency and intensity of dust
storms [16]. In this study, the frequency of dry lake beds was compared with the interannual variability
of precipitation to identify the time when dry lake beds in the study area appeared. Figure 7 shows
the frequency of dry lake beds of the study area from 2000 through 2014 in addition to precipitation
levels. The time series data shows total precipitation of the GPCP and the number of dry lake beds in
the study area. The monthly mean frequency of the dry lake beds increased from 95.2% to 98.5% in the
period of June to September. The monthly mean frequency of the dry lake beds increased from 97.2%
to 99.9% in the period of October to May. The frequency of dry lake beds decreased from 361 to 266
in 2000 and from 361 to 301 in 2012. During this time, precipitation increased from 369 mm in the
period between August 5 and August 20, 2000 to 639 mm in the period between July 4 and July 27,
2012 (Table 1). The mean precipitation of the same period was 60 mm and 88 mm, respectively.
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Figure 7. The correlation between the precipitation and the frequency of dry lake bed formation at
each of the eight levels of pixels in study area.

Table 1. Difference in precipitation when dry lake beds decreased.

Period Total Precipitation Mean Precipitation

5 August 2000 to 20 August 2000 369 mm 60 mm
4 July 2012 to 27 July 2012 639 mm 88 mm

Potential dry lake beds were clarified from the differences in the relationship between precipitation
and the formation of lakes (Figure 8). Precipitation was extracted when ephemeral lakes were formed
for the first time in each year. The total precipitation over eight days was 369 mm in 2000 and at least
73 mm in 2010. In addition, ephemeral lakes were the largest in area in 2000 (Figure 7). It has also been
suggested that the threshold for ephemeral lake formation in dry lake bed areas in semi-arid regions is
eight days of precipitation.

Figure 8. The total precipitation over eight days transformed dry lake beds into ephemeral lakes in
potential dry lake bed areas.

4. Discussion

This study has shown that the frequency of dry lake bed formation has a strong correlation with
precipitation. Dry lake beds are one important source as well as a hotspot of Asian dust emission.
Dust affects Earth’s climate, ecology, and economies across a broad range of scales, both temporally
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and spatially, and is an integral part of the Earth’s climate system [6]. Dust sources, of natural
and anthropogenic origins, were calculated with their respective contributions to emissions, and
extensively compared against existing literature. Natural dust sources account for 75% of global
emissions; anthropogenic sources account for 25% [4]. In this study we suggest a new method to
identify dry lake beds using remote sensing. The classification accuracy was 80%. We believe that our
accuracy was influenced by low resolution images and the limitations of aerial photointerpretation.
However, it is a decent accuracy to be used in large areas such as semi-arid Mongolia. It is assumed that
dry lake beds are affected by the full length of the river network and other geographic characteristics
(such as elevation) as well as heterogeneous precipitation patterns. Lakes formed between June 2000
and September 2014 show drastic changes year by year, but it is suggested that lake beds dry up
between October and May. In other words, the state of the Earth’s surface in the area of potential dry
lake beds dries during a period with no to little precipitation, and it is thought that water areas form
during times of precipitation. To better understand the relationship between precipitation and the
formation of dry lake beds, future studies should employ the use of high-resolution satellite images.
In addition, it is necessary for the relationship of precipitation and the formation of dry lake beds to
consider the geographic characteristics of the region and the influence of river networks.

5. Conclusions

This study suggests a new method to identify dry lake beds using hydrological analysis and
remote sensing. The method may be used effectively in large areas such as drylands. Dry lake beds are
affected by the full length of the river network and geographic characteristics (such as elevation) and
precipitation patterns. Dry lake beds, which formed between June and September from 2000 through
2014, show year to year changes, but it is suggested that dry lake beds in semi-arid Mongolia dry up
from October to May, which corresponds with periods of low precipitation. In our study area, the
distribution of potential dry lake beds was 1%, with mountainous areas and desert steppe accounting
for 30% and 69%, respectively.
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