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Preface

Climate Change triggers the imagination. What will the coastal fringes of the world
look like with a rise in sea level of one meter or more? How can food production
survive in the arid and semi-arid zones under higher temperatures and more per-
sistent droughts? Emission control should limit global temperature rise to 2°C. But
even then, droughts will become more persistent and sea level will keep on rising
for many hundreds of years. Agriculture can help to capture carbon from the atmo-
sphere but there is more to it: agriculture will have to adapt. Increasing the efficiency
of water use is a number one priority, but in many regions of the world, this will not
prevent an increase in the salinity levels in water and soils.

For these reasons, an increasing number of researchers and practitioners are
exploring ways to produce food under saline soil and water conditions. Fortunately,
they can learn from earlier practices and experience as many regions have a long
tradition of struggling with salinization. Mutual learning is the major reason why
some 200 experts and practitioners participated in the International Saline Futures
Conference held in Leeuwarden, the Netherlands in September 2019.

The presentations and discussions at the conference revealed a strong sense of
urgency. Better use of degraded or potentially degraded lands due to salinization will
contribute to important global sustainable development goals (SDGs) such as reduc-
ing poverty, conservation of land and water resources, food security and economic
growth, and the preservation of livelihoods in rural areas.

The conference called for action to better promote the need for increasing capaci-
ties and opportunities. But more is needed. The network of practitioners needs to be
expanded and strengthened by building capacity. There is a need to support exist-
ing regional centers for research and set up new centers. And experiments and pilot
projects require significant investments and participation by government and private
sector actors.

This book presents a snapshot of current ‘the state of the art’ in saline agriculture
including strategies for the future. The first section (Chapters 1 — 11) provides an
overview of the situation and strategies in Australia, Middle East and North Africa,
Eurasian countries, Bangladesh, and the North Sea region. It also describes the
opportunities and barriers including articles on the economic aspects. The second
section (Chapters 12-22) is focused on salination arising in coastal and river deltas
and small islands as a result of climate change and sea level rise. It presents in several
chapters how salinization differs by region, dependent on the hydro-geologic condi-
tions. It discusses the strategies of creating new value chains based on the production
and consumption of saline grown food products. The third section (Chapters 23-33)
presents the progress in scientific understanding of the plant physiological aspects of
salt sensitivity and salt tolerance. Finally, we would like to draw your attention to the
first chapter: “Call to Action”.

xi
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As editors of this book, we have organized an independent review of all articles.
The content remains the full responsibility of the authors. We want to thank the
Wadden Academy and the SalFar project participants for their participation and
financial support.
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Pier Vellinga
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1.1  INTRODUCTION: SALINE AGRICULTURE FROM THE
CRADLE OF CIVILIZATION TO THE PRESENT AND FUTURE

The association between human civilizations and salinity has existed for thousands
of years. The primary causes of the decline of the ancient Mesopotamian civiliza-
tions (located in modern Iraq) were three major salinization events: the first and
most severe was from 2400 BC to 1700 BC, the second was between 1300 and 900
BC and the third occurred after 1200 AD (Jacobsen and Adams 1958). The reasons
for these failures are familiar to irrigated agriculturalists today: the over-irrigation of
land led to a rising water-table and consequent salinity and waterlogging, and there
was major silting of water-courses and canals (Gelburd 1985; Shahid et al. 2018). In
a similar manner to these ancient civilizations, most agricultural production today
is still largely based on the use of freshwater resources and salinity remains a major
threat (Figure 1.1).

The extent of salinization is difficult to estimate. The total area of saline and
sodic lands is likely to be ~10% of arable land worldwide (Shahid et al. 2018).
Ghassemi et al. (1995) estimated that ~20% of irrigated land is salt-affected; how-
ever, remote sensing studies show that in some countries up to 50% of irrigated land
is salt-affected (Metternicht and Zinck 2003). The desertification of irrigated lands
amounts to ~1.5 Mha around the world (Sentis 1996). The total surface area which
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FIGURE 1.1 World map representing countries with salinity problems based on Negacz
et al. (2019)

can be used for saline agriculture depends on several conditions such as water avail-
ability and soil fertility (Negacz et al. 2019).

More efficient use of freshwater and irrigation systems can play a major role in
restoring freshwater agriculture in degraded soils. However, many countries with
salinity problems are experiencing major water scarcity problems. Hoekstra and
Mekkonen (2016) have developed a global map indicating the number of months in
which water demand exceeds supply (Figure 1.2).

Many of the factors leading to soil salinization are being exacerbated by climate
change; projections indicate more persistent droughts, an acceleration of sea-level
rise and more extreme weather events projected by the Intergovernmental Panel on
Climate Change (Portner et al. 2019). Salinization problems will become increas-
ingly manifest in many coastal areas and wetlands, deltas of major rivers and small
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FIGURE 1.2 The number of months per year in which blue water scarcity exceeds 1.0 at
30 x 30 arc min resolution for period: 1996-2005. (From Mekonnen and Hoekstra, 2016.)
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islands, not only through sea-level rise and more severe floods associated with storms,
but also through groundwater intrusion by saline waters (Tiggeloven et al. 2020). In
regions with semi-arid to arid climates, the availability of good quality water will
continue to decrease so irrigation will continue using lower quality groundwater
(FAO 2019b).

1.2 INITIATIVES TO GROW CROPS UNDER SALINE CONDITIONS

In the last few decades, there have been several initiatives in exploring the feasibil-
ity of growing food under saline conditions. The U.S. Salinity Laboratory was one
of the earliest initiatives launched in 1954. More recently, the International Centre
for Biosaline Agriculture (ICBA), initiated in 2000 in the United Arabic Emirates,
has led the way in conducting research on problems and solutions for agricultural
productivity under saline conditions (ICBA 2019, 20). Similar initiatives, usu-
ally at a smaller scale, have been undertaken in other countries like Australia, the
Netherlands, Russia, China, Morocco and Egypt. Indigenous food production prac-
tices illustrate the wide variety of saline tolerant crops and agricultural practices
that used to occur. Several international initiatives have been taken to explore and
re-introduce indigenous knowledge and practices for food production in saline soils;
examples are the International Partnership for the Satoyama Initiative.

Food production with saline soil and water is currently a marginal business and
there is continuing momentum in maintaining the status quo. Often public money
is used to ensure the continuity of freshwater availability (Chapter 13 of this book).
Furthermore, there is an important element of cultural heritage and tradition in
freshwater agriculture that keeps farmers and agricultural policymakers on the tra-
ditional track of continuity in freshwater provision to farmers at whatever the eco-
nomic and environmental cost. For example, in Pakistan, farmers have the right to
continue receiving freshwater through the canal command system even though there
is increasing evidence that this distribution is becoming unsustainable now and the
deficits will be even greater in the future (Zawahri 2011).

The explanation for this may be that under the present market conditions, with
agricultural subsidies and the exclusion of environmental costs and externalities,
saline agriculture cannot compete with freshwater agriculture. This market distor-
tion makes it generally more financially attractive to overdraw on freshwater and land
resources than to invest in food production with saline soils and water. Furthermore,
under present international market conditions, it is seen to be “cheaper” to defor-
est virgin areas or drain freshwater lakes and wetlands, than to revitalize saline
lands. However, markets do not reflect the real costs of the use of land. Compared
to trees, grasses absorb only a fraction of CO,. Deforestation to create more land for
cattle grazing therefore means a massive loss of compensation of CO, and is a high
driver of climate change. So far, the FAO life cycle assessment does not take that
into account, whereas research has clearly shown the relation between deforestation,
meat production, water scarcity and CO, implications on land use (Schmidinger and
Stehfest 2012). Therefore, revitalization and regeneration of soils is a viable option
in many situations. It does require specific skills in water and soil management, and
it takes several years of investment before production levels are at their potential.
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The pressure to repair the market failure is increasing from three directions:
(1) growing food demand and subsequent calls for more land (FAO 2009), (2) the
urgency to reduce greenhouse gas emissions and subsequent calls to stop deforesta-
tion and drainage of wetlands, and (3) the growing opportunities to produce food on
salinized lands (Chapter 7 of this book).

Recently the FAO (2019a) has initiated a thematic working group with the aim “to
explore the opportunities offered by saline environments (water and soil) for agri-
culture”. The European Commission in its EIP-AGRI program (EIP-AGRI 2019) has
initiated a focus group on saline agriculture around the question: “How to maintain
agricultural productivity by preventing, reducing or adapting to soil salinity”.

Recent initiatives cover not only crops, soil and water but also circular saline farming
(farming that includes the use of all residual biological products in the production chain).
Multi-functional solutions are being explored such as combinations of food production
and flood protection through activities like mangrove-based agroforestry. In addition, a
number of traditional/indigenous crops with salt-tolerant varieties are being identified.
Nature-based solutions are being explored such as wetland farming and marine farming
next to hydroponics (floating agriculture) and integral farming (ICBA 2015b).

However, as saline farming is about new food products and new markets, it is dif-
ficult to develop specific food chains of significant volumes. It is recognized among
experts for example that quinoa (ICBA 2015a) and potatoes (van Straten et al. 2019)
have salt-tolerant varieties with some 80% yield and excellent quality when produced
under moderately saline soil and water conditions. Still, this potential is not used
even though there are millions of hectares of underutilized moderately saline land
areas. An additional challenge is the production of dedicated seeds as seed rights can
have a positive as well as a negative effect on the use of salt-tolerant varieties/spe-
cies. In conclusion, there are a number of groups and regions experimenting in saline
agriculture. However, the field is fragmented and the development of saline farming
appears to be an uphill battle.

1.3 FOUR REASONS TO INVEST IN PRODUCING
FOOD UNDER SALINE CONDITIONS

During the 2019 International Saline Futures Conference at Leeuwarden in the
Netherlands, researchers and practitioners presented a range of reasons for boosting
investments in the exploration and further development of food production under
saline conditions. The arguments can be summarized in four lines:

1. There is a need to address growing freshwater scarcity. Freshwater scarcity
is growing. The area of salinized land is growing rapidly. Public funding
of freshwater for agriculture is likely to reach its limits. Chapter 4 of this
book describes the situation regarding salinization for the North African
countries. Chapter 3 of this book provides an overview for the situation in
Australia. Increasing the efficiency of freshwater use is one line of action;
a parallel one is the introduction of salt tolerant species in combination
with specific water and soil management practices. These two lines have
synergistic benefits.
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2. There is a need to stop the loss of biodiversity while meeting growing food
demand. Population growth inducing the global food demand exerts pres-
sure on land-use change. The smart use of saline lands can prevent the pro-
gressing destruction of unique ecosystems and biodiversity hotspots, such
as the remaining forests and coastal wetlands.

3. There is a need to adapt to climate change. Climate change is bringing more
severe weather events such as droughts, erratic rainfall patterns, more severe
cyclones and accelerated sea-level rise. More frequent and severe coastal storm
surges will cause salinity intrusions into river-deltas and low-lying coastal areas
and small islands, resulting in increasing salt stress and yield losses. The inunda-
tion of fertile low lands is likely to become an existential threat to agricultural
livelihoods in many places around the world, leading to the internal displacement
or migration of local inhabitants as described by Rahman and Uddin (2021). Food
production under saline conditions and innovation in this field could help to cre-
ate an economic and social perspective for the regions and populations affected.

4. There is a need to increase opportunities and capacities to produce food
under saline soil and water conditions. A wide range of experiments around
the world is showing a large economic potential for innovative saline agri-
culture systems. Chapter 29 of this book reports a series of successes in
growing quinoa in regions of North Africa. Chapter 11 of this book report
on innovations in the field of integral saline farming where aquaculture
and crop production are being combined. Chapter 21 of this book report on
successful pilots on potato yields under saline conditions in Bangladesh.
Chapter 30 of this book explores the potential of edible halophytes as new
crops in saline agriculture using the example of the ice plant.

1.4 TWO LINES OF ACTION

Based on the reasoning presented above, we propose to focus on two lines of action:

1. Building the international community of saline agricultural science and
practice by organizing meetings for sharing knowledge; by setting up spe-
cialized journals, social media platforms, conferences and webinars; by
developing a network of cutting-edge science, innovations and policy solu-
tions in agriculture and water management.

2. Enhancing investment in research, experimental centers and pilots for
food production under saline conditions. Agendas of climate change adap-
tation and food production under saline conditions provide opportunities
for new initiatives by national and international organizations such as the
FAO, World Food Program (WFP) and multilateral financing organizations
like the Green Climate Fund, the World Bank, the Development Finance
Institutions (DFI’s) and private impact investors. A major bottleneck is the
availability of “bankable” projects. To meet this challenge, it is important to
invest in capacity building, set-up local pilot projects and establish regional
centers of excellence for saline agricultural research and development, and
engage with investors at an early stage to allow for economic upswing.



8 Future of Sustainable Agriculture in Saline Environments

1.5 IN SUPPORT OF THE UN SUSTAINABLE
DEVELOPMENT GOALS

Increasing investments in saline agriculture are fully in line with the majority of
the UN Sustainable Development Goals. Chapter 2 of this book shows that in par-
ticular “Zero hunger” (SDG 2), “Decent work and economic growth” (SDG 8) and
“Addressing freshwater scarcity” (SDG 6) are supported. In addition, “Partnerships
for the goals” (SDG 17) in the context of saline agriculture is most relevant. Saline
agriculture and the underlying hydro-geological conditions vary greatly by geo-
graphic area. It is clear that the situation and the relevant processes differ enormously
by region and within regions, they differ by location. However, experts and practi-
tioners can unite in the quest to grow ecologically and economically viable crops in
under conditions of freshwater scarcity and moderately to highly saline soils.

Enhancing investment in saline agriculture requires the development of new part-
nerships. Partnerships between research and practitioners in the fields of agricul-
ture, water, economics and food are all equally important: partnerships should also
include experts in rural sociology, economics and finance. In fact, a transdisciplinary
community is required to move forward. New investments are necessary because
the international and national communities are relatively small and fragmented at
present.

Relatively new is the concern of farmers in delta regions with abundant rainfall,
such as in South East Asia as described by Chapter 8 of this book and the situation
around the North Sea as described by Chapter 5 of this book. Sea level rise, more
frequent flooding, saline groundwater seepage and more persistent droughts are
increasingly threatening the yields in these fertile lands. The prospect of sea-level
rise by 1-2 meters over the next one hundred years is creating a sense of urgency.

1.6  TOWARD AN INNOVATIVE AGENDA

We argue that any agenda on food production under saline conditions should be
transdisciplinary and multinational covering field experiments as well as socio-
economic research and policy evaluation. A local focus with stakeholder participa-
tion is crucial, as is (inter)national knowledge sharing and dissemination. Financial
support and new investments are also necessary as the international and national
communities are at present relatively small and fragmented. Figure 1.3 illustrates
how different stakeholders and different scientific disciplines could work together.

The 2019 International Saline Futures Conference presented the following fields
for investment in capacity building, and research and development:

1. identifying and improving salt tolerant crop varieties

2. innovation in farming practices: exploring regenerative techniques and
practices enhancing the carbon content of soils, integral farming including
aquaculture and crop farming, hydroponics

3. evaluation and innovation considering the full value chain including prod-
uct and market development and promotion

4. field testing and large-scale pilot projects
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FIGURE 1.3 Illustration of a transdisciplinary approach toward food production under
saline conditions. (Inspired by R.W. Scholz, G. Steiner, Sustainability Science, August 2015,
doi: 10.1007/s11625-015-0326-4.)

5. training and capacity building, including the establishment of an interna-
tional scientific journal and on-line networks

6. development of regional centers for research and large-scale pilots

7. development of supportive land and water use policies

8. creation and implementation of investment opportunities

We argue that existing national salinity centers such as in the USA, Australia,
Morocco, Egypt, Jordan and India together with international centers such as ICBA
should be reinforced in terms of scope and budget. But new centers also need to
be established. The fertile soils of the world’s deltas threatened by climate change
and related salt water flooding and seepage require urgent attention. Innovations in
coastal agriculture, land use and water and soil management are of crucial impor-
tance to ensure the longer-term food production in deltas. Innovation in land use in
these areas is equally required to avoid loss of economic welfare and subsequent
migration away from these climate-vulnerable areas (Hassani et al. 2020).

1.7 CONCLUSION

As participants of the 2019 International Saline Futures Conference, we conclude
that the opportunities to produce food, fuel, forage and fiber under saline soil and
water conditions deserve much more attention at an international and national level
for four reasons: (1) The need to address the growing freshwater scarcity, (2) the
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need to stop the loss of biodiversity while meeting growing food demand, (3) the
need to adapt to climate change, and (4) the increasing capacities to produce food
under saline soil and water conditions. We propose a transdisciplinary approach in
developing and implementing a ‘“Research to Development Continuum” to ensure a
continuous interaction between farmers, researchers, marketeers and investors. Two
lines of investment are recommended to address this challenge: (A) capacity build-
ing and strengthening the international community including its national and local
stakeholders, and (B) strengthening existing and setting up new expertise centers in
particular through a combination of two agenda’s: climate change adaptation and
saline agriculture.

These conclusions and recommendations will be introduced in the discussions
with national and international business and agencies including agriculture, food
and seed companies, waterboards and agricultural ministries, the FAO, World Food
Program (WFP), World Bank, UNEP, IsDB, Development Finance Institutions
(DFT’s), the Green Climate Fund and Private Impact Investors.
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2.1 INTRODUCTION

Recent research shows that saline agriculture is gaining popularity as a manage-
ment technique for saline soils (Dagar et al. 2016, 2019; De Waegemaeker 2019).
This form of revitalisation is an integrated approach addressing multiple sectors at
the same time. There is a need to better understand the impact of saline agricul-
ture on society, the economy and the environment as well as to uncover potential
synergies and trade-offs within saline agriculture. The United Nations Sustainable
Development Goals (SDGs) provide a systematic and reliable framework to address
nexus topics (Stoorvogel et al. 2017; Hiilsmann & Ardakanian 2018; Liu et al. 2018;
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van Noordwijk et al. 2018). These goals were set by the United Nations in 2015 as a
way to achieve a more sustainable future. Table 2.1 presents the list of the goals with
their main focus. We argue saline agriculture can best be viewed as a multi-sectorial
topic, as it acts across multiple sectors and touches upon multiple SDGs.

Soil salinization is one of the reasons for soil degradation and has an impact on
land use, water supply, soil fertility, and plant (and animal) community composi-
tion. It is defined as the accumulation of water-soluble salts in the soil to a level that
impacts agricultural production, environmental health, and economic welfare (FAO
2011). Salinization is a worldwide problem occurring on more than 400 million ha
(more than twice the total area of European farmland) and the salt-affected land
area is likely to increase rapidly as a result of climate change and sea-level rise (Joe-
Wong et al. 2019). It occurs in more than 75 countries on 20% of the global irrigated
land (Ghassemi et al. 1995). It creates both land and water issues, having a major
impact on land productivity and crop production (Datta & Jong 2002). Salinity has
an adverse effect on crops because a low osmotic pressure hampers the absorption
of water and because soluble salts can accumulate to toxic levels in plant tissues
(Munns and Tester 2008).

The negative effects of salinisation on crop growth and the increasing land surface
area suffering from it have an effect on food security and sustainability. Food secu-
rity relates to all people having at all times, “physical, social and economic access
to sufficient, safe and nutritious food to meet their dietary needs and food prefer-
ences for an active and healthy life” (FAO 2009). Food sustainability includes eco-
nomic, social and environmental issues, representing the three classical dimensions

TABLE 2.1

17 Sustainable Development Goals

Goal Number Theme

SDG1 No Poverty

SDG2 Zero Hunger

SDG3 Good Health and Well-being

SDG4 Quality Education

SDGS5 Gender Equality

SDG6 Clean Water and Sanitation

SDG7 Affordable and Clean Energy

SDGS8 Decent Work and Economic Growth
SDG9 Industry, Innovation and Infrastructure
SDG10 Reduced Inequality

SDG11 Sustainable Cities and Communities
SDGI12 Responsible Consumption and Production
SDG13 Climate Action

SDG14 Life Below Water

SDG15 Life on Land

SDG16 Peace and Justice Strong Institutions

SDG17 Partnerships to Achieve the Goals
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of sustainable development. Current farming practices exploit considerable amounts
of natural resources, i.e. major shares of all ice-free land (33%), freshwater (70%) and
energy production (20%) (Smil 2001; Aiking 2014). Due to the continuing pressure
on resources and land, as well as population growth leading to increased demands,
food prices are expected to rise by 70-90% by 2030 (KPMG International et al.
2012). As a result, new innovative solutions need to be studied to increase food pro-
duction through higher yields on degraded lands and to minimise pressure on the
environment.

One of these options is saline agriculture. It involves irrigation solutions, dif-
ferent soil and water management and different crop species and variety choices.
Thanks to these actions, despite degradation, saline lands can be further used for
agricultural purposes. The choice of the methods to be applied on a selected area
will depend on multiple factors such as the geomorphological and environmental
aspects of the site, the socio-economic environment, the capacity of services and
operational and maintenance factors (FAO 2018). The implementation of saline
agriculture does not come without a cost. The management techniques usually
require an initial investment in the irrigation system, equipment and/or seeds.
There is also the risk of off-site effects. For example, saline irrigation could result
in the pollution of groundwater or cause salinization of adjacent good quality land.
These can also be seen as costs. At the same time, it brings benefits of enhanced
global cooperation, the inclusion of private partners and civic society, as well as
inspirational value for countries around the world.

Food production lies at the centre of saline agriculture. Rockstrom & Sukhdev
(2016) argue that all SDGs are linked to sustainable and healthy diets. They high-
light that economies and societies are embedded in the environment connecting all
related SDGs. In particular, they relate food to eradicating poverty (SDG 1) and fam-
ine (SDG 2), implementing gender equality (SDG 5), providing decent jobs (SDG
8) and reducing inequality (SDG 10). This approach suggests that the SDGs should
be examined not separately but as a system of direct and indirect interconnections.
These interconnections can occur at various stages of food production.

This paper addresses the research question of which SGDs are directly and
indirectly related to the revitalisation of saline soils through saline agriculture.
Our hypothesis is that saline agriculture supports the SDGs of food security
(SDG 2), the use of freshwater resources (SDG 6), adaptation to climate change
(SDG 13) and sustainable livelihoods (SDG 8). If not managed properly, it has
the potential to have adverse effects on the marine (SDG 14) and terrestrial (SDG
15) biodiversity.

2.2 METHODS

To answer the research question, we applied a two-step research process. First, we
constructed a simplified Drivers-Pressures-State-Impacts-Response (DPSIR) scheme
to investigate the relationships between causes and consequences of salinization, and
their links to SDGs. Second, we conducted semi-structured interviews with experts
to discuss constraints and opportunities for saline agriculture and examine which
SDGs’ areas appear most often.
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2.2.1 DPSIR FRAMEWORK

Building on previous studies on salinization, we designed a simplified DPSIR scheme
(Cooper 2013; Patricio et al. 2016). It was used to present connections between natu-
ral and social sciences related to the topic, and show the flow between actions and
possible solutions for policymakers.

The DPSIR framework is a tool used to structure and understand various envi-
ronmental and socio-economic activities better. Drivers can be described as “the
social, demographic and economic developments in societies and the corresponding
changes in lifestyles, overall levels of consumption and production patterns” (van
Teeffelen 2017). These are the activities that are undertaken to enhance human well-
being and welfare, often defined as the sectors that satisfy human needs (e.g. agri-
culture, industry, transport). Further, the pressure is a means by which the driver
causes a change in the state. Then, states are changes in the properties of the natural
environment. Consequently, an impact is an effect on welfare caused by the change
in the state. Finally, responses are actions taken in reply to the changes in states
and impacts (van Teeffelen 2017, pp. 43-55). The DPSIR framework is well fitted to
analyse anthropocentric trade-offs in environmental decision-making, e.g. through
cost-benefit analysis or input-output models (Cooper 2013).

The DPSIR scheme presented here was created in the research process which can
be divided into two stages:

* Creating a database: A database of 72 documents, including scientific lit-
erature, conference proceedings, official publications and reports, related to
the potential of saline agriculture was created using the following keywords
in a Google Scholar search: saline agriculture, saline agriculture potential,
saline agriculture benefits, saline agriculture challenges. Additional litera-
ture was added based on the recommendations from five experts in the field.
The documents in the database were reviewed in order to make sure they
addressed saline agriculture.

* Quantitative content analysis: Then the database was automatically searched
with several keywords per SDG in the Atlas.ti software to score the number
of times these SDG terms were mentioned. Keywords, such as desalination,
agricultur* or climate change, associated with the 17 SDGs, can be found in
the Appendix. Further, we quantified the number of SDGs mentioned in our
database by counting the keywords associated to the SDGs and expressing
them relative to the total number or presence of SDG keywords. Then, we sum-
marised this information by designing a simplified DPSIR graph. For exam-
ple, for SDG 6, we selected “Desalination” as one of the keywords because it
is described in the targets. Then we scanned 72 publications related to saline
agriculture for quotations with this keyword using Atlas.ti software. Further, we
counted the number of quotations in which “Desalination” appears. We summed
quotations for all the keywords for SDG 6. After analysing all the SDGs in this
way, we converted the sum for each SDG into a percentage of total quotations.

The findings were compared with findings from the semi-structured interviews.
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2.2.2  SEMI-STRUCTURED INTERVIEWS

Interviews with experts were conducted to understand various underlying conditions
for saline agriculture. First, based on a literature review, we developed a question-
naire. Second, a pilot interview was conducted which allowed us to adjust questions
and restructure the questionnaire. All experts were asked a similar set of questions,
which was modified in certain cases to better fit their field of expertise. Third, experts
for interviews were selected based on their publications and work in the field, as
well as through the snowball sampling method (Christopoulos 2009). Another factor
for respondents’ selection was the geographical area of their expertise. Maximum
variation sampling was used to provide a full picture of global potential. Eight of the
experts consulted worked for large research centres, two for universities, two for con-
sulting and training companies, and two for governmental institutions. Their areas of
expertise included ecology and agriculture (three), land restoration (four), economics
(three), policy (three), climate modelling (three), and soil research (two). Most sci-
entists researched more than one field. Their expertise is concentrated in Australia,
Bangladesh, Central Asia countries (e.g. Uzbekistan), Kenya, Middle East countries
(e.g. Kuwait, United Arab Emirates, Qatar, Oman), Netherlands, Niger, Morocco,
Pakistan, Russia, Sweden, Spain and the United Kingdom. Interviewees were coded
from El to El1. Each interview was transcribed and summarised.

We conducted quantitative and qualitative content analysis. The summaries were
coded automatically using selected keywords matching SDGs (see Appendix) to
count their presence (direct quotations) and coded manually for expressions matching
SDGs (indirect quotations). We defined a direct quotation as one including keywords
assigned to an SDG. An indirect quotation was understood to be an expression which
relates to an SDG but did not use selected keywords. This two-fold approach allowed
for more precise analysis of the interviews. Further, we examined the summaries and
selected four overarching SDG topics emerging from the experts’ interviews.

2.3 RESULTS

This section presents the results of the DPSIR analysis and interviews with the
experts. To facilitate comparison between the two approaches, we express the results
in a comparative manner.

2.3.1 From DRrivers TO0 RespONSEs: SDGs IN THE SALINE AGRICULTURE

Figure 2.1 shows the main causes and consequences of the salinization process. Due
to the complexity of salinization and location-specific issues, only main phenomena
were included in the graph which allowed us to track connections to SDGs. The DPSIR
categories presented in Figure 2.1 are derived from the documents in our database.

Each category of the DPSIR framework relates to several SDGs which we outline
in Table 2.2. For example, the drivers of salinization are mostly related to SDG 13
(“Climate action”) and SDG 2 (“Zero hunger”) and their targets.

Further, we investigated which SDGs were the most related to saline agriculture
following the procedure described in Section 2.2. We scored the number of times
each keyword related to SDG was mentioned in our database (Figure 2.2).
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FIGURE 2.1 DPSIR research framework for salinization on a global, regional and local
level. The two categories in the upper left corner of the figure, natural processes and
climate change, are formally not part of the DPSIR’s driver category but strongly affect direct
and indirect drivers related to the process. The arrows represent casual relations between
elements.

TABLE 2.2
DPSIR-Related SDGs and SDG Targets
DPSIR
Category SDG Goal SDG Target
Drivers SDG 13 (“Climate action”) 13.1.,13.2.
SDG 2 (“Zero hunger”) 2.3,2.6
Pressures SDG 15 (“Life on land™) 15.3,15.5,15.9
SDG 6 (“Clear water and sanitation”) 6.1,6.3,64,6.6.,6.7
SDG 14 (“Life below water”) 14.2
States SDG 15 (“Life on land™) 15.3,15.5
SDG 6 (“Clear water and sanitation”) 6.3,6.4,6.5,6.6,6.7
Impacts SDG 8 (“Decent work and economic growth”) 8.2,8.3,8.5
SDG 2 (“Zero hunger”) 2.1,2.3,24,2.5,2.6,2.7
SDG 15 (“Life on land”) 15.3,15.5
Responses SDG 9 (“Industry, innovation and infrastructure”) 9.1,9.4,9.5,9.7

SDG 2 (“Zero hunger”)
SDG 6 (“Clear water and sanitation”)

2.1,2.3,24,2.5,2.6,2.7
6.3,64,6.5,6.6,6.7
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FIGURE 2.2 SDGs appearing in the articles by percentage of total quotations coded.

SDG 2 (“Zero hunger”) was the most common (26%), followed by SDG 8 (“Decent
work and economic growth”) with 15% and SDG 15 (“Life on land”, 11%). The least
mentioned goals were SDG 1 (“No poverty”), SDG 5 (“Gender equality””), SDG10
(“Reduced inequality”), SDG 17 (“Partnerships”), scoring less than 1%.

2.3.2 SDGs ACCORDING TO EXPERTS

We analysed the number of SDGs which appeared in the interviews (Figure 2.3). All but
one SDG were mentioned directly or indirectly. SDG 2 “Zero hunger” accounted for
25% of total quotations. The second most mentioned was SDG 8 “Decent work and
economic growth” related to sustainable livelihood (15%). The third most common
was SDG 6 “Clean water and sanitation” (13%) (Figure 2.3).

We also examined which SDGs were mentioned directly and indirectly in the
interviews (Figure 2.4). For the direct references, SDG 2 and SDG 8 appeared most
commonly, followed by SDG 14. For the indirect references, SDG 6 and SDG 8 were
referred to most often, followed by SDG 2 and SDG 9.

The interviews revealed a number of overarching themes from the perspective of
reaching SDGs. First, there were certain conditions for the introduction of salt-tolerant
crops which could be related to SDG 2 on food production. The second emerging
theme was in impacts on economic development and possible scalability linked to
SDG 8 economic development and SDG 12 on sustainable production and consump-
tion. Third, interviewees mentioned some possible trade-offs of the revitalisation
of saline degraded lands in the context of SDG 4 on education and SDG 15 on life
on land. Fourth, they pointed to the impact of climate change on saline agriculture
practices in the context of SDG 13 on climate.
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FIGURE 2.4 SDGs mentioned directly and indirectly in interviews.

2.3.2.1 SDG 2: Conditions for the Introduction of Salt-Tolerant Crops

This section outlines several conditions for growing salt-tolerant crops, including
biophysical inputs, economic incentives, past habits, water management and a tai-
lored approach for each case.

Experts named multiple conditions for the optimal use of saline soils and intro-
duction of salt-tolerant crops. These conditions were summarised by two research-
ers: “[...] the future agricultural models should have the following characteristics: 1)
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require low use of chemical inputs, 2) ensure maximal water and nutrient recycling,
3) be cheap, cost-effective, 4) be easy to operate, 5) be nutrient-dense. Nutrient-
sensitive agriculture (nutritionally rich foods, dietary diversity, and food fortifica-
tion) is really important as integrating different components gives a more thorough
spectrum of elements, nutrients and vitamins” (E5'). One respondent suggested the
importance of the measurement of salinity level, the water system management and
presence of markets for the products (E10).

An important factor is taking into consideration the perspective of farming com-
munities, including the opportunities for income diversification by use of integrated
systems including crop cultivation and aquaculture (E5). E1 and E3 highlighted the
importance of their access to resources, like fertilizers, seeds and additives, and a
need for financial assistance, in the form of subsidies. The alternative solution men-
tioned by E3 and E2 is conservation or ecological agriculture. It is often an option
for larger farms which can withstand yield fluctuations.

Current habits and practices, as well as historical conditions, constitute an impor-
tant factor because farmers are unlikely to switch to a new type of crop (E1) and may
traditionally prefer livestock farming, e.g. on saline pastures in Russia (E9).

Another key factor is proper water management, including leaching, drainage and
monitoring (E9, E3, E2), which allows farmers to lower or keep the salinity level stable.
Poor management may lead to increased salinization or high economic and environ-
mental costs, e.g. when water is flushed through the fields without limits in Uzbekistan
(E9). On the other hand, improving water harvesting practices, e.g. by establishing
rainwater collecting points and underground storages, may help to maintain stable
water supplies in regions with a changeable climate like Bangladesh (E1).

Proper research, including soil and water sampling, assessing the impact on the
environment, seems to be the key to success. No one technique would fit all the
areas: “The first step is always to identify the causes of salinization in the area sup-
plemented with scientific diagnostics of the problems. Once these problems (salinity
levels, sodicity level, hardpan, water table etc.) are diagnosed and based on what
problems are existing at the site of interest, a combination of best management prac-
tices (integrated soil reclamation-irrigation & drainage; physical & chemical meth-
ods, biological-salt tolerant crops) is to be used which are site-specific. For example,
if a hardpan is existing it must be broken down (subsoiling, chiselling etc.), high
water table (drainage system to be installed), soil sodicity can be corrected using
chemical amendment like gypsum etc. Salinity can be managed by using salt-tolerant
crops and subsequent leaching fraction to maintain the root zone salinity below the
crop threshold. Then, the crops are chosen and there is a large variety as it comes to
salt tolerance level” (E10).

2.3.2.2 SDG 8 and SDG 12: Impact on Economic
Development and Scalability

This section presents economic impacts of salinization including portfolio diversifi-
cation, market development and the feasibility of upscaling.

Although economic aspects are widely discussed, little research has been done to
fully estimate the economic aspects of saline agriculture for farmers with an assess-
ment of scalability beyond a few hectares. For many farmers, portfolio diversification
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is fundamental as it makes them more resistant to sudden changes or less productive
years. It helps not only the individuals but is also important for national food security
and independence in this regard (E4, ES, E1). Saline agriculture has the potential to
increase various farmers’ income from diverse backgrounds, although in different
ways. For farmers from developing countries, like Bangladesh, it is a way to avoid
poverty and provide better living conditions. In a developed country, e.g. Australia,
it is a source of competitive advantage (E3, E2).

Economic potential depends on the target country and the focus, like nutrition and
food security, building market potential or commercialisation. The market for saline
products is a factor often mentioned by experts. It is clear that to develop supply, the
demand must exist. It would largely differ among countries. For example, developing
countries struggling with food security are more likely to accept salt-tolerant variet-
ies of conventional crops. At the opposite extreme, in developed countries, there is a
high-end market for halophytes as delicacies (e.g. Salicornia has a very good selling
price in the United Kingdom reaching 12 GBP/kg). Building the market relates also
to creating a supply chain for necessary materials, such as seeds or fertilizers. The
markets currently exist in the Netherlands, the United Kingdom, United States of
America and Belgium (ES5). Another perspective is the pharmaceutical properties of
these plants (E5). However, in some countries, there is no present economic impera-
tive to cultivate saline degraded lands. This is especially valid for countries with a
large amount of only slightly salt-affected surface area and rich organic soils, like
Russia. It also depends on the key sectors in the country Gross Domestic Product
(GDP), which for Uzbekistan is agriculture, thus being a point of focus. For others,
like Iran, the political factors, e.g. relative isolation, may be a barrier to the flow of
know-how and access to markets.

Finally, the most important factor for scaling up is the salinity level. Each salin-
ity level has its economics which should not be compared with conventional agri-
culture. “The scaling up must be done where similar soil, water and environmental
conditions may be existing, similar to where technology is going to be transferred.
There must be a reason for scaling up based on market demand. If such informa-
tion is not available then pilot-scale testing must be done before scaling up” (E10).
Creating trust and establishing a business model is a way to scale up through estab-
lishing model farms and assigning the leading farmers who can later train their
community (E1).

2.3.2.3 SDG 4 and SDG 15: Possible Trade-Offs

This section presents possible problems involved in application of saline agriculture
such as improper water and soil management or threat for biodiversity.

Despite many benefits of saline agriculture, there are certain downsides of increas-
ing human activities on saline degraded lands. The first one is the lack of knowl-
edge because saline agriculture projects are generally multidisciplinary and require
cooperation with an irrigation engineer, soil, horticultural and halophyte experts.
The farmers become inspired by their neighbours, but do not seek expert advice
and instead try to implement schemes themselves, which can lead to failure (ES).
Salinization is often treated as a complex process with various phases. The manage-
ment techniques may worsen the situation for a certain time, e.g. through dissolving
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the salt in the soil by leaching and pushing it to the upper layer. Eventually, the
salinity level decreases, but the process may take many years (E9). Following this
perspective, experts highlight the pressure on water systems and potential pollution
from fertilizers, insecticides and pesticides (E10), but also returning extreme brine
to the sea after desalination.

Increased agricultural production may affect biodiversity, especially if the lands
are considered degraded, but are just semi-arid (E3). However, degradation also
includes the low provision of ecosystem services, so agricultural restoration can be
beneficial for ecosystem services linked to agro-biodiversity (E11).

2.3.2.4 SDG 13: Impact of Climate Change

This section presents effects of climate change on the process of salinization accord-
ing to experts.

The impact of climate change on the process of salinization depends on the type
of salinity and the level at which the salinity occurs. In some cases, if the soils are
saline for geomorphic reasons and groundwater is very deep (more than 5-10 m),
desertification may have no effect (E9). Climate change has a geographic pattern.
For the Aral and Caspian Sea region, the main problem is sea-level change, which
can be caused not only by climate but also by geology or through human-induced
processes.

In some places, like the Netherlands, where the salinity issue is not visible now,
climate change may lead to shifting climatic conditions in the future and a require-
ment to apply adaptive measures. Again, proper management is mentioned as one of
the ways to avoid the negative consequences of climate change (E10).

Finally, the assessment of the climate change effect will depend greatly on the
time frame. It may be minor within the next 20 years but have major implications
in 50 years (E11). The experts perceive saline agriculture as a backup option for
national food security and autonomy in case of unexpected or long-term climatic
changes (ES).

2.4 DISCUSSION

Our findings show that almost all SDGs are related to the revitalisation of saline
soils through saline agriculture. In particular, saline agriculture is highly related
to SDG 2 and SDG 8 according to both methods used in this paper. In this way, it
addresses food and water security through agricultural activities and water manage-
ment (see Table 2.3).

There is surprising agreement between the two methods in the top- and lowest-
ranked SDGs. The numbers differ (albeit slightly) for the SDGs moderately related
to saline agriculture.

SDGs related to inequality, gender equality and partnerships for the goals are
among the least scored in both the methods. However, saline agriculture creates an
opportunity to address those goals, which should be more highlighted in future proj-
ects. Similarly, even though many current projects are focused on educating farmers,
this is not reflected in the DPSIR analysis and the interviews. The reason for this may
be a disparity between science and practice. In particular, the researchers often focus
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TABLE 2.3

Comparison of Number of Quotations between Our Two Methods

SDG DPSIR (%) Interviews (%)
SDG1 “No poverty” 0 0
SDG2 “Zero hunger” 26 25
SDG3 “Good health and well-being” 1 0
SDG4 “Quality education” 1 1
SDGS5 “Gender equality” 0 0
SDG6 “Clean water and sanitation” 7 13
SDG7 “Affordable and clean energy” 6 0
SDGS “Decent work and economic growth” 15 15
SDG9 “Industry, innovation and infrastructure” 6 7
SDG10 “Reduced inequalities” 0 3
SDG11 “Sustainable cities and communities” 3 2
SDG12 “Responsible consumption and production” 10 6
SDG13 “Climate action” 8
SDG14 “Life below water” 8 8
SDG15 “Life on land” 11 7
SDG16 “Peace, justice and strong institutions” 1 3
SDG17 “Partnerships for the goals” 0 2

on innovations in plant physiology rather than on how to make the results of their
studies accessible to a wider audience.

Based on the results of this study, future research could explore how saline
agriculture fits in the DPSIR framework related to food production as a valuable
addition to conventional agriculture as it comes to addressing food security.
Our study of saline agriculture confirms Rockstrom & Sukhdev’s (2016) argu-
ment that all SDGs are related to food. These food security and sustainability
issues are present in developing countries (see, e.g. Ladeiro 2012; Chapter 21
of this book). The nexus nature of saline agriculture can be a sustainable land
management practice in countries confronting salt-induced land degradation
(Qadir et al. 2014).

The DPSIR analysis in this paper partially overlaps with the results obtained by
Ruto et al. (2018). Howeyver, the causes, impacts and state of the salinization described
in their report focus more on the physical and economic aspects of the process.

Our results partly align with SDGs reported in the study of Chapter 21 in this
book. Its findings include SDG 2 and SDG 13 which score high in this research,
but also SDG 1, SDG 3, SDG 5 and SDG 17 which are among the least addressed
SDGs in our study. The reason for this difference may be that the study of Chapter
21 focused on a community-oriented project.

What is surprising in our study is the relatively weak link to SDG 5 “gender
equality”, which is often mentioned by other studies and programs, e.g. network for
the Arab Women Leaders in Agriculture (AWLA) fellowship program (ICBA, 2020).
Also, SDG 1 “No poverty” was not covered in the interviews, which may come
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from the fact that farmers involved in the community live above the poverty line.
Finally, the partnerships (SDG 17) were mentioned less often than expected, while
it seems that the community of practice and science is emerging. A reason for this
result may be a choice of the keywords for this SDG. Future studies could explore it
more in the context of funding possibilities and development aid.

Additionally, the link to climate is also weaker than expected. Saline agriculture
can be more pronounced as a countermeasure for economic and climate migration.
For example, in Bangladesh, increasingly severe floods will push salt water more
inward across land (Chen & Mueller 2018). This will affect the livelihoods of the
coastal and delta-area people (SDG 11) as locally there will be less productive agri-
cultural activity (SDG 8). As a result, people are likely to migrate away from the
Delta with many negative social and political consequences. Subsequently, SDG 8
ensuring decent and economic growth in coastal areas is a major goal supporting
food production under saline soil and water conditions.

Finally, implementation of saline agriculture may involve some trade-offs, as
Bailis & Yu (2012) suggest. These trade-offs could happen in places of ecological
or cultural significance. Potential synergies and barriers among SDGs in relation to
saline agriculture should be further investigated.

2.5 CONCLUSION

Our study analyses in a systematic way SDGs connected to salinization by employ-
ing the DPSIR framework and the analysis of semi-structured expert interviews. We
conclude that both methods consequently point to SDG 2 (“Zero hunger”) and SDG
8 (“Decent work and economic growth”) as being strongly related to saline agricul-
ture. These results are partially in line with our hypothesis pointing towards SDG 2,
SDG 6, SDG 8, SDG 13, SDG 14 and SDG 15.

Based on our findings, we formulate the following recommendations:

e The revitalisation of saline soils through saline agriculture can foster
achieving SDG 2 and SDG 8, especially in salt-affected regions struggling
with food and water security.

¢ The management of saline soils can create workplaces for local farmers,
increase income through higher yields than with conventional crops, and
prevent or reduce economic and climate migrations (SDG 8).

* Revitalisation projects should focus more on the education (SDG 4) of
underprivileged target groups (SDG 10) and woman (SDG 5) to allow for
synergy effects. It could be achieved by partnerships (SDG17) among vari-
ous stakeholders.

Our analysis shows that saline agriculture is a nexus area linking food produc-
tion, water management and sustainable economic development. Investments in this
method of revitalisation can address multiple SDGs at the same time. Policymakers
and other actors should take these findings into account as saline agriculture is an
effective way to meet SDGs and combat the challenges of deteriorating food security
and increasing climate change.
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APPENDIX - CODE BOOK

Sustainable Development Goals SDG

Directly Mentioned

(Interviews)

Directly Mentioned (DPSIR)

GOAL 1: No Poverty
GOAL 2: Zero Hunger

GOAL 3: Good Health and Well-being

GOAL 4: Quality Education

GOAL 5: Gender Equality

GOAL 6: Clean Water and Sanitation

GOAL 7: Affordable and Clean Energy

GOAL 8: Decent Work and Economic
Growth

GOAL 9: Industry, Innovation and
Infrastructure

GOAL 10: Reduced Inequality

GOAL 11: Sustainable Cities and
Communities

GOAL 12: Responsible Consumption and
Production

GOAL 13: Climate Action
GOAL 14: Life Below Water

GOAL 15: Life on Land

Poverty
Food
Agricultur®
Genetic
Seeds
Health
Well-being
Education
Training
Teach
Gender
Woman
Clean
Desalination
Wastewater
Reuse
Groundwater
Energy
Biomass
Employment
Economy
Economic
Growth
Industry
Innovat*
Technolog*
Equality
Migration
Cities
Urban
Community
Production

Consumption Consumer

Climate change
Water (mannually
cross-checked)

Marine

Coastal

Fish

Land degradation
Soil degradation
Biodiversity
Desert
Ecosystem

Poverty
Food
Agricultur®
Genetic
Seeds

Health
Well-being
Education
Training
Teach
Gender
Woman
Clean
Desalination
Wastewater
Reuse
Groundwater
Energy
Biomass
Employment
Economy
Economic
Growth
Industry
Innovat*
Technolog*
Equality
Migration
Cities

Urban
Community
Production
Consumption
Consumer
Climate change
(Water excluded)
Marine
Coastal

Fish

Land degradation
Soil degradation
Biodiversity
Desert
Ecosystem

(Continued)
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Directly Mentioned

Sustainable Development Goals SDG (Interviews) Directly Mentioned (DPSIR)
GOAL 16: Peace and Justice Strong Institution Institution
Institutions Law Law
Regulation Regulation
GOAL 17: Partnerships to achieve the Partnership Partnership
Goal Cooperation Cooperation
ENDNOTE

1. Interviewees were coded from E1 to El1.
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3.1 INTRODUCTION

Annual crops and pastures are widely grown in the 250—600 mm rainfall zone of
Australia under non-irrigated conditions. This non-irrigated land can be affected
by two salinity problems: salinity induced by the presence of a shallow water-table
caused by the removal of the original forest (often called ‘dryland’ salinity) and
that caused by soil dispersion due to sodicity and soil alkalinity (often called ‘tran-
sient’ salinity) (Rengasamy 2006; Barrett-Lennard et al. 2016). The former stress
is caused by the formation of semi-permanent shallow water-tables and affects the
growth of agricultural crops in all years. By contrast, the latter stress affects crop
growth particularly in dry years, when the salt concentration in the soil increases,
the water content of the soil decreases and the salinity of the soil solution is therefore
elevated. The levels of salinity associated with these stresses can be very different.
Soils affected by transient salinity typically fall into the slightly to moderately saline
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TABLE 3.1
Categorisation of Salinity in Australia in Terms of the EC, Ranges That Fall
into the following EC,.; Ranges (by Soil Texture)

EC,.; Range for Different Soil Textures

Term EC, Range (dS/m) For Sands For Loams For Clays
Non-saline 0-2 0-0.14 0-0.18 0-0.25
Slightly saline 2-4 0.15-0.28 0.19-0.36 0.26 - 0.50
Moderately saline 4-8 0.29 - 0.57 0.37-0.72 0.51-1.00
Highly saline 8§-16 0.58 - 1.14 073-1.45 1.01 -2.00
Severely saline 16 -32 1.15-2.28 1.46 —2.90 2.01 -4.00
Extremely saline >32 >2.29 >2.91 >4.01

Source: After Barrett-Lennard et al. 2008.

range (Table 3.1), so these soils are generally sown to annual crops such as wheat,
barley and canola. By contrast, those soils affected by dryland salinity often have
salinities in the highly, severely and extremely saline ranges (Table 3.1), so these
soils are generally reserved for the growth of saltland pastures based around the use
of halophytes or are otherwise abandoned.

One issue that immediately confronts the reader wanting to obtain an overview
of salinity in Australia — its scale, the kinds of research that have been conducted
and the kinds of adaptations that communities have made — is that salinity is a State
rather than a Federal issue, so the answers to these questions generally reside within
State Government agencies, and integrated answers to questions at the national scale
may be difficult to find.! Nevertheless, there have been federal initiatives (such as
the National Dryland Salinity Program, National Action Plan on Salinity and Water
Quality and several Cooperative Research Centres) and networks of interstate col-
laboration (such as the National Program on the Utilisation and Rehabilitation of
Saline Land — PURSL) that have enabled national collaborations and syntheses to be
developed around particular issues.

The total area of land used for the growth of grain crops in Australia is ~112
Mha (Rengasamy 2002). In 2002, the Australian Bureau of Statistics surveyed
farmers at the national level about the extent of dryland salinity on agricultural
land (Table 3.2). This showed that dryland salinity affected nearly 20,000 farms
around Australia, nearly 2 Mha showed signs of salinity, 0.8 Mha were so severely
affected that the land was not able to be productively used and that WA was the
most severely affected State.

The areas of land associated with transient salinity (i.e. associated with dispersive
soils) are not precisely known but might be substantially greater (Rengasamy, 2002).
In regions where the salinity problem is greatest, many farmers manage mixed crop-
ping and livestock systems with annual crops and sheep for meat and wool (Norman
et al. 2016a).
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TABLE 3.2
Results of National Australian Bureau of Statistics Survey of Extent
of Dryland Salinity in 2002

Number of Farms Land Showing Signs Salinised Land Unable to Be
State with Salinity of Salinity (‘000 ha) Used for Production (‘000 ha)
NSW 3108 124 44
Vic. 4834 139 60
Qld 993 107 40
SA 3328 350 105
WA 6918 1241 567
Tas. 390 6 2
NT 8 2 2
Total Australia 19,579 1,969 821

Source:  ABS 2002.

3.2 CAUSES OF SALINITY

Salinity was recognised in Australia as an important constraint in catchments
used to collect water for towns and cities from the early 1920s (Wood 1924) and in
agricultural landscapes from the 1930s (Teakle and Burvill 1938). Beginning with
Burvill (1956), a series of surveys of farmers in Western Australia conducted by the
Australian Bureau of Statistics every 4—7 years showed that there was a continuing
deterioration in the areas of previously arable land that became too saline to grow
conventional crops and pastures. The effect of these surveys (1955, 1962, 1979, 1984,
1989, 2002) was to induce a strong level of community concern about the apparent
inexorable increase in salinity with time.

The reputed causes of salinity in rainfed environments in Australia were ini-
tially confusing: today two causes are recognised. The most severe form of salinity,
induced by the presence of a shallow water-table, is caused by the clearing of the
original native forests, shrublands and perennial grasslands (which used virtually
all the rainfall) and their replacement with annual crops and pastures (which used
less than all the rain) (Wood 1924). Water-tables at the time of European settlement
100-150 years ago were ~5-50 m below ground level. The net percolation of water
deep into the soil caused a rise in water-table, bringing salt stored in the profile to
the soil surface. When the water-table reached a critical depth, the land became too
saline for the growth of annual crops and pastures. Nulsen (1981) provided a set of
plausible, critical depths to the water-table for plants of different salt tolerance in
the wheatbelt of Western Australia: ~2.2 m for the growth of wheat crops, ~1.8 m
depth for the growth of barley crops and ~1.5 m depth for the growth of salt-tolerant
annual barley grass. The problems of shallow water tables in dryland (non-irrigated
landscapes) are not confined to southern Australia alone: Ghassemi et al. (1995) note
that have been reports of similar effects in the Great Plains region of North America,
and in South Africa, Turkey, Thailand, India and Argentina.
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There were two important later elaborations were to this hydrological explanation
of salinity. Firstly, it was recognised that groundwater flow, and therefore the expres-
sion of salinity, could be strongly influenced by geomorphic structures in the land-
scape (e.g. weathered dolerite dykes, bedrock highs, fractures in rock aquifers and
the presence of semi-confining sedimentary layers; George et al. 1997). Secondly, it
was recognised that the surface hydrology of soils was also important. In landscapes
cleared of their original native vegetation, runoff from hillsides accumulated at low
points in the landscape exacerbating groundwater rise (reviewed by Barrett-Lennard
et al. 2005). However, the complication remained that in semi-arid areas salinity
was not necessarily associated with the presence of shallow water-tables (Teakle and
Burvill 1938). It later became clear that many Australian soils, particularly sodic
alkaline clays of the semi-arid environment were naturally dispersive and could
accumulate over hundreds of years the small amounts of salt that fell in the rain
(Hingston and Gailitis 1975) to levels that impacted on crop growth in relatively dry
years (Rengasamy 2006; Barrett-Lennard et al. 2016).

3.3 WATERLOGGING-SALINITY INTERACTIONS

A further level of complexity became apparent when it was realised that another
by-product of shallow water-tables was seasonal waterlogging, and waterlogging
interacted with salinity to further constrain crop growth. Empirical observations in
the 1970s by an influential farmer named Harry Whittington (who later established
a farming group of over 1000 members, WISALTS) suggested that the symptoms of
salinity could be abated by surface water management by installation of throughflow
interceptor banks (Conacher et al. 1983). Confusion therefore ensued: Whittington’s
supporters claimed that the implementation of the interceptor banks prevented salin-
ity; however, the truth is that his ‘interceptor banks’ probably changed shallow soil
hydrology, decreasing waterlogging. Research that began in the 1970s showed that in
saline landscapes, waterlogging increased the uptake of Na* and CI, and decreased
the uptake of K* by crop plants (reviewed by Barrett-Lennard 1986, 2003; Barrett-
Lennard and Shabala 2013) and this knowledge helped settle the confusion. More
recently, Bennett et al. (2009) have published a matrix suggesting that the ideal
location for different crop and forage plants in salt-affected land can be determined
by relating the general level of soil salinity and waterlogging in the landscape to
the known tolerances of the plants to these two stresses. Today, the amelioration of
waterlogging with shallow (and some deep) drainage, and the planting of appropriate
crops and pastures with a combination of tolerances to salinity and waterlogging are
regarded as the optimal solution for farming saline landscapes affected by shallow
water-tables. The message to farmers that emerged from this was to ‘put the right
plant in the right location’.

3.4 USE OF TREES TO CONTROL SHALLOW WATER-TABLES

Agricultural systems in the rainfed landscapes of southern Australia are generally
of low productivity due to the low rainfall and low fertility of these soils; expensive
drainage options to lower water-tables are therefore unlikely to be adopted without
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substantial publicly funded subsidies. For this reason, there became a strong research
focus on the use of perennial plants acting as forms of ‘biological pumps’ to lower
water-tables. The first systematic attempt at this was through the planting of trees.
The thinking was that if salinity was caused by the development of shallow water-
tables as a consequence of the clearing of deep-rooted native forests, then perhaps
it could also be reversed by re-establishing trees back into the landscape. In a series
of ‘ventilated-chamber’ experiments, Greenwood and colleagues were able to show
that stands of trees were able to use water at rates in excess of local rainfall: this
could only be possible if the plants were accessing local groundwater and therefore
decreasing the risk of salinity in the landscape.

In one of these experiments (Greenwood et al. 1985), trees were established ~6 years
earlier in two dense plantations in an area receiving ~770 mm annual average rainfall;
one plantation was near the top of a hill (~8 m above the water-table) and the other was
located mid-slope (~5 m above the water-table). Evapotranspiration from the trees was
measured for 24 h every 4 weeks for a year; this was used to estimate the annual evapo-
transpiration (summarised in Figure 3.1). Evapotranspiration was measured similarly
from an adjacent annual pasture while it was green. It was found that annual evapo-
transpiration from the pasture accounted for ~57% of annual rainfall over the year; the
balance of the rainfall was clearly infiltrating into the deeper soil increasing the risk
of salinity. By contrast, evapotranspiration from the trees accounted for 240-390% of
annual rainfall; the water used in excess of rainfall must have come from soils adjacent
to the trees (Figure 3.1). The conclusion was that the trees were capable of using water in
excess of rainfall and therefore decreasing salinity risk in the landscape.
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FIGURE 3.1 Annual evapotranspiration by annual pasture and stands of eucalyptus trees
growing in a 770 mm annual average rainfall zone (dotted line) at two locations in Western
Australia (After Greenwood et al. 1985).
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One problem with the use of relatively small areas of trees for short periods to
estimate rates of tree water use is that as trees draw-down local water-tables there
will generally be a mass flow of water from outside the plantation into the root-zone
of the trees; this ensures high rates of water use in the short term. In general, the
experiments of Greenwood et al. measured water use by small plots of trees over
short intervals of time (1-2 years after establishment); their experiments, therefore,
exaggerated the effects that trees might have on groundwater at catchment scales. To
make the case more strongly what was needed were experiments that examined the
effects of trees on depth to water-table (the key driver of salinity) planted over larger
areas and measured over longer periods of time. A later paper (Bennett and George
2008) showed that in 24 investigations in catchments receiving 450—-820 mm of aver-
age annual rainfall and where trees had been planted at a catchment scale for 10-21
years, there was a significant (P < 0.001) effect on the rate of water-table drawdown
of the percent of a catchment with trees (i.e. remnant vegetation and revegetation)
(Figure 3.2). On average to achieve a rate of water-table drawdown of 0.1 m per year,
catchments needed to have ~30% of their area covered by remnant vegetation and
revegetation.

How large does a tree need to be to be able to use enough soil water to avert a
salinity problem? 10 m? What about 10 cm? One of the interesting themes of research
in Australia is that perennial pasture plants may be able to act as ‘functional mimics’
of trees and use enough water to dry soils, lower water-tables and prevent salinity
(Hatton and Nulsen 1999). The critical factor here is not the height of the transpiring
perennial plant but the depth of its root system. This has led to the notion of ‘phase
farming’ (Latta et al. 2001, 2002), in which perennial pasture plants like lucerne
(alfalfa) are grown on a field for 1-2 years to deplete stored soil water and these are
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FIGURE 3.2 Effect of tree vegetation (remnant vegetation and revegetation) on the rate of
water-table drawdown (m/yr) for catchment with a shallow water-table in Western Australia
(After Bennett and George 2008). Rates of water-table drawdown were measured over peri-
ods of 10-21 years.
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FIGURE 3.3 Results of phase farming trial at Newdegate (After Latta et al. 2002): (A)
Amounts of water stored in the upper 1.5 m of the soil profile at a Newdegate field site when
sown to an annual clover-based pasture, to lucerne, or to a lucerne-wheat rotation; and (B)
Monthly rainfall at site (Bureau of Meteorology). Each treatment was replicated three times
in a fully randomised block design. Plots were 12 X 25 m in area. Wheat was sown at point
indicated by arrow.

then replaced by more profitable annual grain crops for several years during which
time the soil profile wets up again.

The concept can be illustrated using data from a typical field trial comparison
of the soil water content in the upper 1.5 m of the soil profile beneath an annual
pasture, a perennial lucerne pasture and a lucerne-wheat rotation (Latta et al. 2002).
Figure 3.3 shows the variation over a 2-year period in the amount of water stored
in the upper 1.5 m of the soil profile when planted to these three options and the
monthly rainfall. It can be seen that irrespective of monthly rainfall (Figure 3.3b)
the soils planted to the annual pasture option contained ~250-300 mm of water
in the upper 1.5 m of the soil profile (Figure 3.3a). Presumably, this water content
was close to the soil’s drained upper limit, and rainfall in excess of that required to
bring the soil to the drained upper limit percolated deeper into the soil profile. By
contrast, once the lucerne pasture had established, the soils planted to this perennial
had 20-100 mm less stored soil water in the soil profile; there would have been a less
deep percolation of rainfall into the soil profile with this treatment. Finally, where
the lucerne was replaced by wheat, there was an increase in soil water content; this
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option would have leaked water into the deeper soil profile. These observations led
the researchers to conclude that the growth of lucerne alternating with wheat might
be both a more sustainable and financially robust solution, with the wheat crops
providing the bulk of the financial gain to the farmer, and the lucerne ensuring that
the soils were periodically dried down, decreasing the long-term salinity outcomes
in the landscape.

While plot- and catchment-scale research could show that perennial plants were
capable of using groundwater, lowering water-tables and decreasing salinity, dif-
ferent (modelling) approaches were needed to determine the likely benefits of plant
interventions at a landscape scale. One model used to do this was ‘Flowtube’ (Dawes
et al. 2000). This is a simple two-dimensional model that can predict the likely
impacts of any hydrological intervention (such as the implementation of perennial
vegetation) in a ‘slice’ through a catchment (from the top of a hill to the bottom of
a valley) on the depth to groundwater along that slice. In one study, models were
built at three locations (in the 330, 400 and 600 mm annual rainfall zones of WA) to
examine the expected long-term impacts of a series of plausible hydrological inter-
ventions (low, medium or high changes to the water balance) on groundwater depths
along the flowtube (George et al. 2001). Simulations began with the present-day
water-table depth profile in each catchment (as determined from piezometers) and
continued at daily intervals for 100 years into the future. The model was calibrated
by comparing the computed rates of groundwater rise along the flowtube with the
historic measured rates of groundwater rise in piezometers in each catchment. What
became clear from the simulations was that irrespective of the location, with the do-
nothing scenario most (72-94%) of each catchment was at risk of salinisation (i.e. a
water-table less than 1 m in depth would occur within 100 years). Furthermore, even
with low, moderate or high levels of hydrological intervention (defined in specific
terms for each catchment), the outcomes in terms of land salinity remained challeng-
ing with 46-79%, 41-52% and 34-48% respectively of the three catchments being
affected (Table 3.3). These predictions of salinity outcomes for non-irrigated land-
scapes, even with the implementation of major remedial farming practice change,
remain as one of the most confronting commentaries on the sustainability of agri-
culture in southern Australia.

TABLE 3.3
Percent of Flowtube with Water-Table Less than 1 m after 100 Years

Hydrological Intervention

Rainfall (Location) None Low Moderate High
330 mm (North Baandee) 89 79 52 34
400 mm (Toolibin) 94 62 61 48
600 mm (Date Creek) 72 46 41 38

Source: After George et al. 2001.
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3.5 SALTLAND PASTURES

If salinity cannot be cheaply avoided by revegetating farmland with perennial veg-
etation (trees and pastures) then can it be lived with? One of the obvious ways to
obtain production from saline land is to plant it to salt-tolerant plants (halophytes)
that have value as forages for ruminant livestock (such as sheep and cattle). Australian
researchers and farmers have been working collaboratively to incorporate salt-
tolerant forages into their farming systems for more than 80 years. Some of the
key dates and events associated with the development of herbaceous species and
halophytic shrubs for saltland pastures are summarised in Tables 3.4 and 3.5. For
each stream of activity, there were relatively similar research and developmental
processes. The research started with the identification and dissemination of suitable
species; later research focused on how to make these an economically viable part of
the farming system. However, in the remaining space that we have here, we want to
focus mostly on nutritive value, i.e. the suite of factors that make halophytes suited
to be a source of nutrients for grazing animals.

TABLE 3.4
Highlights in the Development of Herbaceous Species for Saltland in
Southern Australia

Year Activity

1945-1951 Farmers attest to value of tall wheatgrass (Thinopyrum ponticum) and salt-water
couch (Paspalum vaginatum) in WA. Researchers confirm their results (Teakle
and Burvill 1945; Burvill and Marshall 1951).

1954-1959 Screening of herbaceous germplasm (69 grasses and forbs) at Kojonup WA.
Puccinellia (Puccinellia ciliata) and tall wheat grass are best adapted (Rogers
and Bailey 1963).

Mid 1960s-1980s  Adoption of puccinellia in WA, NSW and SA. Tall wheatgrass strongly adopted
in NSW (Malcolm and Smith 1965; Fleck 1967; Hamilton 1972; Lay 1990).

1992-1996 Growth of puccinellia in SA is found to respond strongly to N fertiliser
(McCarthy 1992; Herrmann 1996)
1985-1995 The annual legume balansa clover (Trifolium michelianum) is released by the SA

Department of Agriculture in 1985; its value for waterlogged/marginally saline
soils is established in VIC and WA (Rogers and Noble 1991; Rogers and West
1993; Evans 1995).

1996-1999 Screening of perennial grasses (30 genotypes) occurs at six NSW sites. Tall
wheatgrass, puccinellia, salt-water couch and kikuyu (Pennisetum clandestinum)
are best adapted (Semple et al. 1998; 2003).

1995-2013 A patented clone of Distichlis spicata is introduced from the US and tested in SA,
WA and VIC (Leake et al. 2001; Sargeant et al. 2001). However, D. spicata that
was irrigated with saline effluent had relatively poor feeding value for sheep in
metabolism crates (Lymbery et al. 2013).

2000-2011 The annual legume messina (Melilotus seculis) is introduced from Spain and
tested in SA and WA (Nichols et al. 2008). The species fails to reproduce under
field conditions until suitable rhizobial symbionts are selected (Bonython et al.
2011). Messina and its rhizobium are commercially released.
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TABLE 3.5
Highlights in the Development of Halophytic Shrubs for Saltland
in Southern Australia

Year Activity
Late 1890s Value of saltbushes (Atriplex species) noted for pastoral locations (Turner 1897).
1959 Planting of small-leaf bluebush (Maireana brevifolia), old man saltbush (Atriplex

nummularia) and creeping saltbush (Atriplex semibaccata) advocated for saltland in
WA wheatbelt (Smith and Malcolm 1959).

1966-1990 WA Department of Agriculture builds halophyte collection (accessions listed in
Malcolm and Clarke 1971; Malcolm et al. 1984). The collection peaked at more
than 1000 accessions.

1968-1982 120 halophytic shrubs from five genera screened at three WA sites (Malcolm and
Clarke 1971). 25 genotypes selected for further work at 14 WA sites (Malcolm and
Swaan 1989). Outstanding genotypes are small-leaf bluebush, river saltbush
(Atriplex amnicola), samphire (Tecticornia pergranulata), wavy-leaf saltbush
(Atriplex undulata) and quailbrush (Atriplex lentiformis).

1976-1982 First ‘niche’ seeder built for direct seeding of saltbush. Programme of direct seeding
trials commence with river saltbush, wavy-leaf saltbush, quailbrush and small leaf
bluebush (Malcolm and Allen 1981; Malcolm et al. 1980, 1982, 2003; Malcolm and
Swaan 1985; see also summary by Barrett-Lennard et al. 2016).

1985-1994 Halophytic shrubs from WA programme trialled in SA, VIC and NSW with mixed
success (Lay 1990; West 1990; Barson 1994).

1991 Saltbush establishment improved by planting commercially raised seedlings with tree
planters (Barrett-Lennard et al.1991).

1994 Saltbush criticised on the basis that the plants have low nutritive value and sheep lose
condition (Warren and Casson 1994).

1998 Importance of understorey beneath shrubs emphasised as part of the feed on offer
(Barrett-Lennard and Ewing 1998).

2001-2002 CSIRO reviews the opportunity for animal production from saline land (Masters et al.

2001) and conducts benchmarking studies identifying halophytes and understorey
species growing on saline farmland in three casestudies (Norman et al. 2002).

2002-2009 Grazing experiments show that some saltbush species have higher nutritional value
than others, and there are differences in relative palatability within species (Norman
et al. 2004; Tiong et al. 2004; Norman et al. 2008). A carbon isotope method is
calibrated for the prediction of saltbush in the diet of sheep (Norman et al. 2009a).
Sheep select between 10 and 40% saltbush in diet; dietary selection is related to the
nutritional value of the non-salty alternative (Norman et al. 2009b; 2010a). Large
producer demonstration sites are established (Thomas et al. 2009).

2002-2012 ‘Sustainable Grazing on Saline Lands’ project compares productivity, environmental
health and hydrological outcomes of saline land that has been revegetated with
saltbush. Saltbush with understorey was shown to quadruple grazing value, half
water runoff and reduce salt export by 90% (Bennett et al. 2012).

2002-2008 ‘Salty Diets’ project in the CRC Salinity explores impacts of high salt diets on
ruminant health and productivity. Voluntary salt intake levels for sheep documented
(Masters et al. 2005b). Student projects explore various forms of exposure (in utero
and with mother) to improve utilisation of saltland pastures (Blache et al. 2007;
Thomas et al. 2007; Chadwick et al. 2009; Digby et al. 2010; Norman et al. 2016b).

(Continued)
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TABLE 3.5 (Continued)
Highlights in the Development of Halophytic Shrubs for Saltland
in Southern Australia

Year Activity

2005 First review on importance of nutritive value in saltland pastures published;
subsequently updated in 2015 (Masters et al. 2005a; Masters 2015).

2005-2010 In vivo organic matter digestion of native Australian shrubs by sheep compared with

in vitro and in sacco predictions (Norman et al. 2010b). Near-infrared spectroscopy
methods redeveloped to allow for rapid and inexpensive prediction of nutritional
value of novel shrubs (Norman and Masters 2010c).

2006-2010 Whole farm economic modelling of saltland pastures shows that profits are increased
more by improvement in nutritive value than by improvement in biomass
(O’Connell et al. 2006). Improved nutritive value becomes a plant selection goal
(Monjardino et al. 2010).

2009-2014 CRC Dryland Salinity commences old man saltbush improvement programme;
60,000 plants, two sub-species, three sites. First commercial high nutritive value old
man saltbush clone (‘Anameka™") released in 2014 (Norman et al. 2016a).

2004-2019 The role of saltbush as an antioxidant to improve sheep health and meat quality is explored
(Pearce et al. 2005; Pearce et al. 2010; Fancote et al. 2013; Norman et al. 2019).
2013 Interactions between plants and environment, and impact on feeding value reviewed

(Norman et al. 2013). Oxalate found to accumulate in leaves of old man saltbush
plants fed nitrate but not ammonium (Al Daini et al. 2013).

2015-2018 Ability of halophytic shrubs to reduce methane emissions from sheep investigated
(Li et al. 2016; 2018).
2019-2022 CSIRO’s ‘No More Gaps’ project develops agronomic packages for management of

high nutritive value old man saltbushes and seed coatings for direct seeding.

Halophytes have been defined as plants that can complete their life cycles at salt
concentrations in the soil solution greater than 200 millimoles per litre (i.e. EC,, val-
ues > 20 dS m™) (Flowers and Colmer, 2015); they have strengths and weaknesses as
forages (Masters et al. 2005a; Norman et al. 2013). Many species particularly from the
family Amaranthaceae are able to grow in saline environments because they use salt
for the osmotic adjustment of cell vacuoles (Flowers and Colmer, 2015). This can be
a problem for the use of these plants as forages because the accumulated salt has no
nutritive value for ruminants and must be excreted (Masters et al. 2005a; Norman et al.
2013). Sheep grazing halophytes need to be supplied with large amounts of fresh water
(they can drink up to 12 L of water per day), and they will decrease their feed intake
as the concentration of the salt in the diet increases (Warren et al. 1990; Masters et al.
2005b). Other disadvantages of halophytes are: (a) they can have low digestibility of
the organic matter (wWhich means that they have low energy concentrations for grazing
animals), (b) they can be unpalatable, and (c) they can accumulate high (>6% DM)
concentrations of potentially toxic compounds like oxalate in their leaves (Malcolm et
al. 1988; Norman et al. 2004; Masters et al. 2007; Masters 2015). In old man saltbush
(Atriplex nummularia), accumulation of oxalate was shown to be associated with the
uptake of nitrate, as opposed to ammonium, by the plants (Al Daini et al. 2013).
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On the other hand, halophytes can have nutritional benefits for animals. Many
halophytic species osmotically adjust the cellular cytoplasm through the accumula-
tion of small molecular weight ‘compatible solutes’ such as glycine-betaine (Storey
et al. 1977). These compounds are rich in N, which can be converted into protein in
the rumen if the animals have sufficient energy, often from other feed sources, in the
diet (Masters et al. 2005a). Finally, saltland pastures may assist ruminants to assist
with oxidative damage associated with heat stress. Vitamin E deficiency and associ-
ated muscular myopathy is widespread in sheep grazing dry pastures and crop resi-
dues during the hot summer and autumn seasons in Western Australia (White and
Rewell 2007). Research in the 2000s found that leaves of halophytes like saltbush
(Atriplex species) are an excellent source of vitamin E and sheep grazing saltbush
are not susceptible to muscular myopathy (Pearce et al. 2005). Furthermore, access
to saltbush leaves for several weeks can provide enough vitamin E for lambs to main-
tain health through autumn feedlotting and improve meat quality (Pearce et al. 2010;
Fancote et al. 2013). In addition to vitamin E, saltbushes are rich in the minerals
associated with antioxidant pathways (Norman et al. 2019).

Our modern understanding is that halophytic shrubs like saltbushes (Atriplex
spp.) can be an important part of the fodder supply on a farm. However, best ani-
mal and economic performance will occur if farmers follow a number of principles.
These include:

1. Graze the saltland pasture during the most feed-limited time of year — in
southern Australia, this is often in summer and autumn when senesced crops
and annual pastures provide the most of the feedbase (O’Connell et al. 2006).

2. Establish pastures using palatable high nutritional value species on moder-
ately to highly saline landscapes, not severely-extremely saline landscapes.
Feed intake is limited by high salt in the diet, so the most productive systems
often contain a mixed range of species such as rows of perennial halophytes
accompanied by an understorey of more salt-sensitive annual pasture plants
(e.g. Norman et al. 2010a). The system is not suited to soils of extreme
salinity: the euhalophytes (e.g. Tecticornia pergranulata) that grow in these
environments accumulate too much salt in their foliage (often accounting
for ~40% of shoot DM) and these soils will not support the required low-
salt understorey. Naturally occurring annual pasture species can be used as
indicators of the better soils (Bennett and Barrett-Lennard 2013).

3. Train the animals to use the feed; they may not recognise that novel shrubs
are food. Training is often achieved by introducing inexperienced lambs to
the feed while still joined to their more experienced mothers (Norman et al.
2016b). In utero exposure of lambs provides another opportunity to improve
the intake and utilisation of saltbush (Chadwick et al. 2009).

4. Use it or lose it. The growth of long-lived, woody perennial shrubs slows as
the plants reach a critical leaf area and move into their reproductive phase.
They will drop excess leaves when water-stressed. A complete annual defo-
liation improves plant growth rates and produces new leaves of higher nutri-
tional value (Wilmot and Norman 2006).

5. Supply animals with large amounts of cool fresh water.
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3.6 DEVELOPMENT OF ANAMEKA™ SALTBUSH

Whole-farm economic modelling in 2006 suggested that increasing the metabolis-
able energy value of saltland pastures was the key to improving the profitability of
systems (O’Connell et al. 2006). Germplasm of Atriplex nummularia (old man salt-
bush) was collected from across the native range in Australia and genotypes from
27 populations and two subspecies were compared at three research sites. At the
same time, methods were developed to allow for the rapid and inexpensive screening
of the energy value of the shrubs to grazing animals (Norman et al. 2010b,c). Sheep
were used to identify plants that were consistently preferred; these plants tended
to have higher energy values and lower sulphur (Norman et al. 2009; 2015). Over
8 years in a sequence of on-farm experiments, the team identified old man salt-
bush genotypes with 20% higher organic matter digestibility, greater acceptability
to sheep and up to eight times more edible biomass production than the mean of
the collection (Norman et al. 2016). In 2015, the first clonal cultivar was commer-
cialised by CSIRO (cv. Anameka™). Whole-farm economic analysis suggests that
Anameka, planted on soils that are marginal for crop production, can double the
profitability of saltbush plantations on farms (Monjardino et al. 2010). Over two mil-
lion Anameka™ shrubs, sold as clonal cuttings, have now been planted by over 200
Australian farmers. The team are now developing elite seed lines and methods to aid
saltbush establishment from seeds.

3.7 ELECTROMAGNETIC INDUCTION AS A TOOL
IN CONDUCTING FIELD TRIALS

Any student of the saline agricultural literature will soon find that many plant
experiments are conducted under controlled conditions (e.g. salt flushed lysim-
eters, nutrient solution cultures, etc.) but fewer are conducted under general field
conditions. This occurs despite the fact that such research is generally intended to
produce better outcomes in the field. One of the reasons for this is that soil salin-
ity is often spatially and temporally heterogenous and it is, therefore, difficult to
layout and block the plots making up field trials in a manner that gives appropriate
statistical rigour. For researchers in Australia, this changed in the 1980s because of
the availability of instruments like the EM38 (Geonics Ltd) and the DualEM that
use the principle of electromagnetic induction to measure variation in the apparent
electrical conductivity of the soil (EC,). Electromagnetic induction has been used
at a range of scales to survey spatial variation in salinity for a number of decades
(Spies and Woodgate 2005). The recent innovation has been to recognise that at
the plot scale measurements of EC, can be correlated with measures of soil EC, 5
and/or the salinity of the soil solution and that these measures can then be used
statistically to correct grain yields for variation in soil salinity across a site (e.g.
Setter et al. 2016; Asif et al. 2018).

An example of the use of the EM38 for this purpose can be seen in the work of
Setter et al. (2016). These researchers tested the variation in grain yield of 90 wheat
and 27 barley cultivars in separate experiments in a saline field in the wheatbelt of
Western Australia in two growing seasons 2009 and 2011. Experiments of this kind
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TABLE 3.6
Significance (P-Value) of the Terms Used in Statistical Models to Account
for Variation in Grain Yield in the Field

Crop Year EM38 (June) Row Column Genotype

Wheat 2009 <0.001 0.0418 <0.001 <0.001
2011 Ns <0.001 0.0141 <0.001

Barley 2009 <0.001 0.0062 0.0036 <0.001
2011 <0.001 Ns Ns <0.001

Source: After Setter et al. 2016.

are normally conducted using a rectangular array of plots indexed by rows and col-
umns, with replication along the rows and columns. This enables a statistical analy-
sis of grain yield that takes account of linear variation in the direction of increasing
rows and columns. However, in this work, the researchers also measured EC, values
with an EM38 in June (about a month after crop establishment). The significance of
the linear effects of EM38, row and column effects on the variation, and the final
impact of these covariates on the significance of cultivar effects are summarised in
Table 3.6. It can be seen that there were highly significant effects of EM38 read-
ing (P < 0.001) for three of the four experiments, but the linear effects of row and
column were less significant (only one of the four effects in each case had P < 0.001).
Thankfully however, the combination of all covariates was sufficient for the effects
of genotype to be significant at P < 0.001 in all four experiments, and the research
team was able to conclude that the variables associated with high grain yield in this
environment were genetic; successful cultivars were adapted to local conditions, had
high salt-tolerance and early flowering (Setter et al. 2016).

3.8 SALINE FUTURES AND CLIMATE CHANGE

Will climate change make salinity outcomes better or worse in southern Australia?
The answer to this question will depend on the primary cause of salinity. For soils
affected by the presence of shallow water-tables, the risk of salinity may well be
ameliorated overall by the drier conditions that are likely to occur. Indeed, there is
already some evidence for this. Since 1975, annual rainfall has decreased by 10-25%
over much of the southwest of Australia (McFarlane et al. 2020). About 700 bores
across the southwest of Australia have a sufficiently long record of measurement to
estimate groundwater levels trends before and after 2000. Two-thirds of all moni-
tored bores had rising groundwater levels prior to 2000, but only 40% rose between
2000 and 2012 (McFarlane et al. 2020). The implication is clear: climate change may
help ameliorate dryland salinity.

However, the effects of climate change on cropped soils affected by transient
salinity in southern Australia, is expected to be different. For these dispersive alka-
line soils, salt has accumulated over hundreds of years from rainfall; there is no
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expectation that climate change will decrease the concentration of salt in these soils,
and if the soils become drier, then the salinity of the soil solution will increase. This
will affect the growth of annual crops and pastures, but particularly those that are
most salt sensitive. The adverse effects can be expected to be greatest for salt sensi-
tive crops like field peas, will be lower for wheat, and least for more tolerant crops
like barley and canola.

We conclude on a challenging note. The species developed for saltland revegeta-
tion across southern Australia may have a broader application than saltland alone.
Many of these species are endemic to arid and well as saline environments. With
climate change, we expect that the growth of traditional crops and pastures will
become riskier in the driest agricultural areas of southern Australia (annual average
rainfall less than 280 mm). What could this land be used for? Modelling suggests
that one of the most effective strategies that Australian farmers use to manage risk
is to diversify their farms across crop and livestock enterprises (Ghahramani et al.
2019). We believe that much of this land could be suited to sheep and cattle breed-
ing systems based on the growth of elite perennial halophytic shrubs augmented by
perennial grasses and short-season annual legumes. The eventual area of these per-
manent shrub-based pasture farming systems could extend over millions of hectares.
Researchers in partnership with farmers need to use the skills and expertise that
have been honed in the building of saltland pastures to explore this exciting (but also
daunting) new opportunity.
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ENDNOTE

1. The names of Australian States are abbreviated as follows: New South Wales (NSW),
Victoria (VIC), Queensland (QLD), South Australia (SA), Western Australia (WA) and
Tasmania (TAS).
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4.1 WATER SCARCITY IN THE NENA REGION

The Near East and North Africa (NENA) region covers 19 countries where water scar-
city (FAQO, 2017) is one of the major challenges (Figure 4.1). This constraint contributes
to the degradation of important irrigated areas, affecting the increase of food produc-
tion needed to address the increase in population. NENA regions account for about
6% of the world’s population with only 1% of the world’s renewable water resources
(Mahmoud, 2013; Abu-Zeid, 2013). Most countries of the NENA region, are forced to
use non-conventional water resources, including saline water. Saline water is loosely
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FIGURE 4.1 The Near East and North Africa (NENA) region covers 19 countries from
Mauritania to Iran.

defined as water that is more saline than fresh water, but not as saline as seawater. It
covers a large range of salinity (FAO, 2018) levels varying from 500 to 35,000 total
dissolved solids (TDS) (mg/L). Despite the presence of large amounts of such saline
water (e.g. 2 billion m? of groundwater in Morocco, 13.7 billion m? in Iran), it is only
used in limited amounts for irrigation, even though this water has the potential to be
used to grow a number of crops if appropriate management practices are followed. But
the successful, long-term use of saline water requires background knowledge of scien-
tific principles combined with proper management in order to minimize the negative
impact of salinity on the soil, the crop and the environment.

The NENA region is one of the most water scarce regions in the world
(Table 4.1). The average annual precipitation is estimated at ~150 mm. At the same
time, the renewable water resources per capita is one of the lowest in the world due

TABLE 4.1
Total Renewable Water Resources per Capita in NENA Countries

Total Renewable Water Resources

Country per Capita (m?)

Iran, Iraq, Lebanon, Mauretania, Sudan >1000
Egypt, Morocco 500-1000
Algeria, Jordan, Libya, WBG, Oman, Syria, Tunisia 100-500
Bahrain, Kuwait, Qatar, KSA, UAE, Yemen <100

Source:  FAO AQUASTAT Survey — 2008.
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to population growth (690 m? per capita/year in the region vs. 6400 m? per capita/
year in the world) (Abu-Zeid, 2013).

There is growing concern over the declining availability of freshwater, and the
ever-increasing demands on low quality water.

In general, in arid and semi-arid areas, two realities are recognized. The first is that for
all practical purposes fresh water resources are finite and most of the economically viable
development of these resources has already been implemented; thus the potential to expand
this resource base is marginal. The second is that water quality degradation resulting from
urban industrial and agriculture wastewater pollution is reducing the volume of freshwater.
Moreover, this is exacerbated with climate change, increasing population, rapid urbaniza-
tion and the associated expansion of economic activities, all of which require more water,
putting tremendous strain on the already limited and fragile resource.

There is no doubt that the water requirements in arid and semi-arid regions will
continue to increase significantly during the next decades. The traditional response
of increasing water supply to meet higher demands will no longer be adequate in
the future. This implies the use, euse and recycling of the non-conventional water
resources as an additional water source, particularly in the irrigation sector.

In the majority of the arid and semi-arid regions, the slow progress in agricultural
development as well as the decline in food production is not only limited by water
shortage, but equally, by rapid soil salinization, bringing nearly 30% of arable lands
(FAO, 2008) out of production (Table 4.2).

TABLE 4.2

Appropriate Management Practices

Crop Selection and - Selection of crops tolerant to salinity and specific ions
Management - Identification of critical growing stage affected by salinity

- Intercropping: irrigating the least salt-tolerant crop first, then using drainage
water to irrigate another crop which is relatively more salt tolerant.
Water Management - Types of irrigation practice (e.g. trickle, furrow, flood, etc.)
- Application system, method, schedule
- Monitoring of irrigation water quality
- Leaching requirements
- Land drainage
- using saline drainage water to grow fish, algae and shrimp
Land Management - Levelling, tillage, ploughing, mulching
- tillage: i.e. the mechanical operation for seedbed preparation, to break up
surface crust, increase organic matter and nutrient availability
- ploughing: beneficial on stratified soils having impermeable layers laying
between permeable layers
- mulching: reduces soil evaporation and temperature
Soil Improvement - Application of chemical or organic amendments (e.g. CaSO,, organic matter) to
neutralize soil reaction and replace exchangeable sodium by calcium
- Mixing with sands to increase the permeability of a fine-textured surface soil
- Application of adequate fertilizers, type of fertilizers (preferably acid)
- Timing and placement of mineral fertilizers
- Regular monitoring of soil salinity
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Issues related to salinization include the concentration of total salts (salinity) and the
concentration of sodium relative to calcium and magnesium (sodicity). Salinity has direct
effects on the growth and development of plants. Sodic conditions may cause an impor-
tant deterioration of the soil physical properties, indirectly affecting crop growth through
increased surface crusting, poor water infiltration and reduced root zone aeration.

Salt-affected soils vary in extent by country from 10 to 15% in Algeria to over
50% of arable land in Iraq (FAO, Status of the World’s Soil Resources: Main Report,
2015). In Iraq and Syria, about 50% of reclaimed lands in the Euphrates plain are
seriously affected by salinization and waterlogging (CAMRE/UNEP/ACSAD,
1996), and in Yemen, approximately 60% of the 0.5 Mha of irrigated land is slightly
to moderately saline, and another 40% has levels of salinity that prevent farming
(FAO, Status of World’s Soil Resources: Main Report, 2015). However, a compre-
hensive assessment on the extent of salt-affected soils globally and in particular the
NENA region is lacking.

The successful use of saline water for irrigation requires a basic understanding
of the scientific principles affecting the interactions between climate, the applied
water, the soil and the crop. Equally important is the application of suitable tech-
nology and management practices (Table 4.2) that will facilitate the optional use of
this poor-quality water. A higher level of management is needed to successfully use
saline water and the adoption of new irrigation management practices will likely
be necessary. Since climate, water quality, soil type and crop tolerance to salinity
varies from location to location, site-specific and appropriate on-farm management
practices need to be developed to attenuate the negative impact of salinity on soil,
plant and the environment.

Different types of saline water reuse exist (agricultural drainage water, ground-
water and treated wastewater) and are widely used (FAO, AWC, 2018). However,
the potential negative impacts of such waters, that include increases in soil salinity,
yield reductions, deterioration of soil quality and costs associated with these nega-
tive impacts should be considered. Saline water can be used for irrigation directly,
mixed or blended with good quality water, used in a cyclic manner (i.e. fresh water
followed by saline water) or desalinated prior to irrigation. But to do so effectively,
proper management (choice of the adapted crops, irrigation system, leaching, drain-
age) are needed and care must be exercised to monitor water, soil and crop to ensure
long-term deterioration is not taking place.

4.2 USE OF SALINE WATER RESOURCES FOR
IRRIGATION IN NENA REGION

In the agriculture sector, the use of saline water resources as an additional source for
irrigation is highly recommended (Abu-Zeid and Hamdy, 2008), especially in water
stressed regions such as the NENA region, to satisfy increasing water demand for
irrigation, subsequently expanding the irrigated areas and reducing existing gaps in
food and fiber production.

There is ample evidence to illustrate the widespread availability of saline waters
and a wide range of experience exists around the world with respect to using them for
irrigation under different conditions (Naeimi and Zehtabian, 2011). This evidence
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and experience demonstrate that water of much higher salinities than those com-
monly used in irrigation can be used effectively to produce selected crops under
appropriate field management. However, the use and reuse of such non-conventional
water resources for crop production is complex as it is inter-linked with different
aspects of the environment, health, industry, agriculture and water resources.

Recognizing these complex inter-linkages, efforts are being directed to the devel-
opment and use of saline water resources, notably artesian, drainage and saline
groundwater water for irrigation. This will certainly result in generating greater
amounts of water for irrigation.

It is vital to assess the suitability of such water for irrigation and the subsequent
effect on the composition of the soil water and crop (Rhoades, 1972).

4.3 STATUS AND PRACTICES OF SALINE WATER USE
IN SELECTED COUNTRIES OF THE NENA REGION

The NENA region is faced with a wide range of salinity problems and each country
in this region has a unique set of rules and regulations to protect water quality (Abou-
Hadid, 2003). Therefore, it is not surprising that there are also examples of the suc-
cessful use of saline water in this region. The agricultural practices in the NENA
region countries are a matter of experience gained by the farmers depending on
water availability and prevailing agricultural conditions and economic factors. Each
country has its own experience in producing crops that is specific to its local condi-
tions (FAO and AWC, 2018). Also, each country has its own crop varieties which are
a result of its research work and farmers’ experiences. Many research and published
papers and reports present case studies of the use of saline water in agriculture par-
ticularly under conditions of water scarcity in NENA region.

The following is a brief review on saline water use and practices in different
NENA countries:

4.3.1 ALGERIA

In Algeria, desertification is putting extreme stress on irrigated agriculture due to
the fast rate of soil and water salinization, resulting in the drastic reduction of arable
land with productive agricultural potential. This phenomenon is most notable in the
western part of the country where major irrigation schemes are located. Out of a total
area of 140,000 ha in this part of Algeria, 30% consists of very saline soils (EC, >8
dS/m). About 90% of Algeria is in the Sahara Desert where rainfall is rare but at the
same time, this arid region has large underground reserves of saline water (Daddi
Bouhoun et al., 2013). In the Sahara region, saline groundwater is used for irrigation
to grow date palm and alfalfa.

Lands irrigated with saline water are exhibiting salinity problems that differ
under different bioclimatic conditions. Meanwhile soil degradation advances, due
to the combined action of water salinity, and the insufficiency and/or lack of drain-
age systems. An assessment of irrigated areas reveals the existence and extent of the
salinity level of much of the agricultural land in the West and South of the country
(Lahouati and Halim, 2012).
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In the Ouargla region most of palm groves have poor drainage, a shallow water
table (1.6 m) and high salinity (EC,, 34 dS/m). The drains are the open type and their
maintenance is not regular. This situation of managing irrigation-drainage promotes
waterlogging in soils. Soil salinity (ECe) ranges between 4.6 and 9 dS/m. This accu-
mulation of salts is due to the dynamic ascending and descending of salts respec-
tively under the effect of capillarity from the shallow groundwater and leaching by
irrigation.

4.3.2 Ecyet

Egypt is a country with about 5000 years of experience in irrigation. Nevertheless,
the country’s economy suffers from severe salinity problems due to irrigation with
low quality water and poor drainage systems. About 33% of the cultivated land is
already salinized (Abo Soliman and Halim, 2012).

Salinity problems are widespread. Almost 30-40% of irrigated farmlands are
salt affected. It is estimated that 60% of the Northern cultivated land and 20% of
the Middle and Southern Delta regions have salt-affected soils. In the Nile Valley,
i.e. Upper Egypt, salt-affected soils account for about 25% of the cultivated areas
(Figure 4.2). In addition, many areas of the reclaimed desert land adjacent to the
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Nile Valley and Delta, as well as Sinai and Oases, suffer from waterlogging and high
salinity (Saad El-Dein and Galal, 2017).

The needed increase in food production to support the acceleration of population
growth (2.7%), compels the country to use all sources of water (i.e. drainage water,
groundwater and treated sewage water) for the expansion of irrigated agriculture.
The drainage water presently used for irrigation amounts to 7 billion m3per annum
and it is likely to increase in the future.

The policy of the Egyptian Government is to use drainage water (up to EC,, 4.5
dS/m) after it is blended with fresh Nile water. Another emerging strategy of alter-
nating different types of water quality has been introduced lately. Research has
shown that it is possible to irrigate sensitive crops (maize, pepper, onion, alfalfa,
etc.) directly with drainage water in rotation with fresh Nile water, and salt tolerant
crops (wheat, cotton, sugar beet, etc.) and moderately sensitive crops (tomato, let-
tuce, potato, sunflower, etc.) can be irrigated with drainage water but after seedling
establishment with fresh Nile water. Based on these results, the Governorate is plan-
ning to reclaim 4000 ha using drainage water (Abo Soliman and Halim, 2012).

Crops now grown are mostly forage, cereals and vegetables. In the Delta, saline
waters of EC,, 2.5 to 4 dS/m have been used successfully to grow vegetables under
greenhouse conditions. In the New Valley (Oases, Siwa, Bahariya, Farafra, Dakhla
and Kharga) there is potential to irrigate about 60,000 ha using groundwater (salin-
ity ranging from EC,, 0.5 dS/m to 6.0 dS/m), of which 17,000 ha are already under
cultivation. Siwa Oasis has the largest naturally flowing springs in the New Valley.
Siwa once contained a thousand springs, of salinity ranging from EC,, 2 to 4 dS/m,
which were used successfully to irrigate olive and date-palm orchards, with some
scattered forage areas.

The Ministry of Water Resources and Irrigation (MWRI) manages the opera-
tion of the pumping stations and the reuse volume is therefore well monitored and
recorded. The drainage water salinity ranges between EC,, 1.3 and 4.0 dS/m except
in the most Northern part of the Delta near the Mediterranean Sea coast, where
drainage water salinity exceeds EC, 5 dS/m in some locations. Growers in the
Beheira, Kafr-El-Sheikh, Damietta and Dakhlia Governorates have used drainage
water directly to irrigate barley, berseem clover, cotton, rice, sugar beet and wheat,
although yields are not optimal. However, with good management and crop selec-
tion practices, growers have successfully used drainage water with EC,, 2-2.5 dS/m
without adverse effects (Rhoades et al., 1992).

Historically, the natural flooding from the Nile not only supplied a continual
source of nutrients but also provided a natural flushing of salts to the Mediterranean
Sea. Ultimately, the difference in the long-term sustainability of irrigated agriculture
in both areas was attributed to salinity control via the leaching of salts.

In the Edkawy region in the delta, tomato plants are cultivated in a special way
to use the maximum available rain and natural resources (Abou-Hadid, 2003). After
filling the waterlogged soil with sand and arranging the irrigation and drainage sys-
tems, the drains and irrigation systems are constructed, and the land is ready for
cultivation. The nursery starts in August while the temperature is warm and the
growth of the seedlings is quick and uniform. The seedlings stay in the nursery for
about 45-60 days and are ready to be transplanted at the end of September or early
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October. Irrigation of the seedlings is kept under control to allow for initial good
growth and later appropriate hardening before transplanting. The fields are prepared
for cultivation by digging furrows that are short (10-15 m) and deep enough to avoid
the capillary riser

4.3.3 IrAQ

The water resources of Iraq depend largely on the surface water of the Tigris and
Euphrates rivers and most of the natural renewable water resources of Iraq come from
outside the country (Rahi and Halihan, 2018). Both the Tigris and the Euphrates are
transnational rivers, originating in Turkey. Between 75 and 85% of the cropped area
is generally planted to grains (mostly wheat and barley). Two-thirds of Iraq’s cereal
production occurs within the irrigated zone that runs along and between the Tigris
and Euphrates rivers. The salinity of the Euphrates in Iraq has increased due to: (1)
the decrease in quantity and the increase in salinity of the flow that is entering the
country due to the Turkish South-eastern Anatolia Project (GAP), (2) the recharge
to the river from Al Tharthar Lake and (3) drainage return flows from irrigated
fields within Iraq (Rahi and Halihan 2018). The salinity at the lower regions of the
river has increased to a point at which the river water is no longer useful for most
municipal or agricultural purposes. Half of the irrigated areas in central and south-
ern Iraq were found to be degraded due to waterlogging and salinity (Abdul Halim
and Halim 2012). The absence of drainage facilities and, to a lesser extent, the irri-
gation practices (flooding) were the major causes of these problems. By 1989 a total
of 700,000 ha had been reclaimed at a cost of around US$2000/ha. According to
more recent estimates 4% of the irrigated areas were severely saline, 50% moder-
ately saline and 20% slightly saline. Irrigation with highly saline waters (more than
1500 ppm) has been practiced for date palm trees since 1977. The use of brackish
groundwater is also reported for tomato irrigation in the south of the country (Rahi
and Halihan, 2010).

The main option available to mitigate the salinity of the river and to restore the
ecosystem is to maintain a minimum instream flow (MIF) (also referred to as envi-
ronmental flow requirements) (Partow, 2001).

4.3.4 IrRAN

Salt-affected area in Iran has increased from 15.5 Mha in 1960 to more than 25 Mha
in 2008 (Qadir et al., 2008). The volume of marginal water resources is about 12%
of the potential renewable surface water resources of the country. The total area with
saline groundwater resources is 350,222 km? with an annual abstraction volume of
13.7 km3 (Qadir et al., 2008). The use of saline water for crop production has a long
history in Iran. Management practices employed by the farmers in using these waters
are similar to those practiced with the use of non-saline waters (Cheragi and Halim,
2012). In general, crop production is based on using high inputs of seeds, fertilizer
and water. Agronomic practices such as land preparation, irrigation methods and
crop rotation are suboptimal. More information on Iran can be found in Chapter 8
(Hazbavi and Silabi, 2021) in this book.
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4.3.5 JORDAN

Over 60% of Jordan’s agricultural produce is grown in the Jordan Valley. Here, 4.5%
of the water resources have a salinity over 2000 ppm and 46% of cultivated soils are
moderately to strongly saline (EC, 4.5-14.1 dS/m) due to the lack of natural flooding
to flush the irrigated lands and leach salts and also, due to the low rainfall and high
evaporation.

Brackish water for direct use or after desalination appears to offer the highest
potential for augmenting the country’s water resources. Brackish springs (67) have
been identified in various parts of the country with a total average discharge esti-
mated to be approximately 46 million m3/year. As such, when referring to statistics
about brackish water, the quality, quantity and location of this resource needs to be
carefully studied in order to assess its potential for use (Ammari et al., 2013).

Modern desalination technologies applied to brackish water (salinities between
2000 and 8000 ppm pumped from wells at depths between 100 and 150 m) offer
effective alternatives in a variety of circumstances. In 2015, there were 52 private
desalination plants operated by farmers to desalinate brackish water for irrigation
purposes and desalinate about 10 million m? annually. This irrigation water is used
particularly for bananas, a crop of high market value.

The progressive increase in soil salinity in the Jordan Valley is attributed to
unsustainable agricultural practices and inputs, a deteriorating quality of irrigation
water, the lack of advanced irrigation technologies and efficient drainage systems
and improper land management. Also, fertilization and irrigation practices are not
based upon sound recommendations that consider the pedoclimatic conditions and
crop demands (Al-Rifaee, 2013).

Several trials have been conducted at the research stations of Al-Karamah (Jordan
valley) and in Al-Khalidiyah (upper land) to select salt tolerant crop species adapted
to the local conditions. These include barley, triticale, wheat, pearl millet, sunflower,
sesbania and elephant grass.

The Lower Jordan River defines the international border between Israel and the West
Bank on the west and the Hashemite Kingdom of Jordan on the east. Decades of diver-
sion of upstream good-quality water and the direct dumping of saline water and waste-
water have severely damaged the river’s ecological system. The salinity of the Lower
Jordan River has risen significantly to ~5400 mg CI/L in summer (Al-Rifaee, 2013),
endangering its capability to supply water, even to saline-resistant crops such as palms,
which are one of the main agricultural products of the Jordan Valley (Figure 4.3).

The Jordan Valley Authority partnered with the German Technical Cooperation
(GTC) to evaluate crop production in the middle and southern portions of the Jordan
Valley with saline water ranging between EC,, 2 and 7 dS/m over a four year period
(GTC, 2003). The goal was to try and develop guidelines for growers in this region
that were related to local conditions and practices

4.3.6 TuNISIA

Tunisia is among the semi-arid countries faced with serious problems of salinization
and water scarcity. Approximately 1.5 Mha, or roughly 10% of the country’s area is
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affected by different degrees of salinity and about 25% of water resources have a salt
concentration exceeding 3g/L (Hachicha, 2007).

As a result, about 50% of the total irrigated area is considered to be at high risk
of salinization (Achour and Halim, 2012). Several initiatives have been implemented
since the 1960s by the National Institute of Rural Engineering Water and Forests
to evaluate the performance of different management practices including irrigation
scheduling, improvements in drainage efficiency, the development of appropriate
irrigation systems, physical and chemical techniques (i.e. soil levelling, ploughing,
better planting techniques, amino-acid application, etc.), soil amendments and the
introduction of salt tolerant crop varieties and new species that could be used to
sustainably utilize the irrigated areas that are affected by salinity.

Although the use of saline water for irrigation is a strategy to mitigate water
shortage, poor management of saline water for irrigation has resulted in secondary
salinization and a series of environmental problems (Kumar et al., 2015; Lei, 2015).
These problems will become worse under climate change, in areas of unfavorable
soil, with over exploitation of groundwater, with improper cropping patterns and
with sea-water intrusion (Heydari, 2019).

The impact of the use of saline water on agricultural production has negatively
impacted the environment and the socio-economy of farmers’ communities. The
main constraint to the use of saline water for agricultural production is primarily the
absence of efficient drainage systems in several irrigation command areas. Irrigation
with saline water and agricultural development are possible through proper tech-
niques and management of the irrigation water, leaching of salts, adapted farming
techniques and choice of salt-tolerant plant varieties.

Based on the importance of the salinity problem in Tunisia, research projects
covering some Tunisian regions have been conducted to evaluate the adoption and
performance of different management strategies to improve crop production under
salt and drought conditions. Research studies related to soil salinity control include:
(1) the cultivation of alternative and tolerant-salt varieties such, new cultivars of olive
tree, quinoa, jatropha, sesbania and aloe vera, (2) irrigation water management using
drip irrigation and sub-surface drip irrigation and (3) improvement of crop tolerance
to salinity by application of exogenous proline. The results have shown beneficial
effects of different management strategies on the growth and yield of crops, on soil
and water properties and the tolerance of the majority of alternative crops to salin-
ity and drought conditions, which has confirmed the possibility of using low quality
water for agriculture. However, further research is required in the development of
new tools for salinity assessment and the application of biotechnology to improve
crop adaptation to limit salt stress effects.

4.3.7 Morocco

The sustainability of irrigated agriculture is threatened by the salinization of land
and water resources in Morocco. These problems are the result of seepage from
unlined canals, inadequate provision of surface and subsurface drainage, poor water
management, inappropriate cultural practices and use of saline water for irrigation.
Approximately, 30% of the irrigated area is salt-affected and average yield losses may
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FIGURE 4.4 Spatial distribution of saline aquifers and rivers in Morocco (Hssaissoune
et al., 2020).

be as high as 50%. It has been reported that more than 37,000 ha of irrigated land is
already affected by salinization (DDGI, 2006). According to FAO (2005),water sali-
nization is the main challenge facing Morocco in terms of water resources quality;
out of the 4 billion m? of groundwater resources about 1.1 billion m? or 25% has a
salt concentration of between 1 and 2 g L', and about 1 billion m? or 27.5% has a salt
concentration exceeding 2 g L' (Hssaissoune et al., 2020) (Figure 4.4).

IDRC Trials (Figure 4.4) in the Southern Oasis of Tafilalt have focused on the
growth of several crops (alfalfa, date palms and okra) using different systems of irriga-
tion (furrow and drip) with conjunctive use of fresh water (from a surface water source)
and saline water (groundwater with EC,, varying from 6 to 10 dS/m) (Figure 4.5).

FIGURE 4.5 Alfalfa, date palm and okra grown in south of Morocco with saline water.
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TABLE 4.3

Crop Water Productivity of Different Species
Irrigated with Saline Water (7 dS/m) Using
Different Irrigation Systems

Crop Water Productivity (kg/m?)

Crops Drip Irrigation Surface Irrigation
Gombe 431 1.36
Watermelon 6.67 3.29
Cabbage 8.33 3.81

Melon 8.18 3.5
Eggplant 7.6 3.13
Pepper 8.4 4.0
Cucumber 7.0 3.13

Potato 5.95 2.43

Alfalfa 8.09 3.1

Source: Choukr-Allah and Halim,2012.

The use of drip irrigation allows an average water saving of 3225 m3/ha for the
different crops tested, resulting in a 38% water saving compared to furrow irrigation.

In the Tafilelt valley, the use of saline groundwater with drip irrigation on local
cultivars has allowed farmers to produce reasonable yields. Greatest levels of pro-
ductivity per cubic meter of water and highest economic gains were achieved with
okra, followed by cabbage, watermelon, melon, pepper, cucumber, eggplant and
alfalfa (Tables 4.3 and 4.4).

In terms of weights of fodder achieved in a test field, alfalfa was the best crop
showing a better response using drip irrigation compared with surface irrigation.

4.3.8 SAuUDI ARABIA

About 80—85% of Saudi Arabia’s water supply comes from groundwater and, where
groundwater extraction exceeds groundwater recharge, is classified as a non-renew-
able water resource (Al-Omran et al., 2012). As a result, aquifers are being depleted
and the quality of groundwater is becoming more saline. For example, the EC,, of
the groundwater has increased from 1.9 dS/m in 1983 to 2.8 dS/m in 1987 in the
Saqaquifer. A survey of key groundwater aquifers reveals that EC,, values range
from 1.6 to 8.2 dS/m with an average of 3.8 dS/m ( Falatah et al., 1999 as reported by
Al-Omran et al., 2012 ). The most popular crops grown with saline water in Saudi
Arabia are wheat, sorghum, alfalfa and barley. Saline water is also used to irrigate
tomato, onions and watermelon (Al-Omran et al., 2012). Cyclic reuse strategies using
saline and desalinized water have been trialed, with tomato and lettuce showing that
such methods can be successful for commercial production. It was concluded that
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TABLE 4.4
Gross Margin and Benefit (MAD/ha) of Several Crops Irrigated with Saline
Water (EC = 8 to 12 dS/m)

Drip Irrigation Surface Irrigation
Gross Margin Costs Benefit Gross Margin Costs Benefit Benefit Rate
Crops (US Dollars/ha) %
Okra 7500 879 6621 4500 710 3790 1.75
Watermelon 6000 875 5125 4200 695 3505 1.46
Cabbage 4500 887 3613 3000 715 2285 1.58
Melon 7200 880 6320 5120 690 4430 1.43
Eggplant 3800 865 2935 2800 690 2110 1.39
Pepper 6300 860 5440 4800 690 4110 1.33
Cucumber 5250 870 4380 3750 690 3060 1.43
Potato 2640 1000 1640 2040 830 1210 1.36
Alfalfa (9 cuts) 2050 1150 900 1312 820 492 1.83

Note:  Benefit rate: Benefit under drip irrigation/benefit under surface irrigation.
Source: Choukr-Allah and Halim, 2012.

the country has the opportunity to expand the use of treated waste water and saline
groundwater for irrigation.

The excessive use of groundwater has created major problems such as the deple-
tion of aquifers and a deterioration of groundwater quality resulting in the conver-
sion the fresh groundwater into saline water. The uncontrolled use of saline water
by farmers for irrigating their farms increases soil salinity. Continuous addition
of saline water to the soil during the irrigation process, in the absence of good
irrigation management practices, undoubtedly leads to salt accumulation in the
soil surface layer.

4.3.9 SuLTANATE OF OMAN

In 2012, the Ministry of Agriculture and Fisheries of Oman entered into a partner-
ship with the International Center for Biosaline Agriculture (ICBA, 2011) to prepare
a strategic plan to combat salinity and protect water resources from pollution and
salinity in collaboration with other relevant partners in the Sultanate of Oman. The
scope of this strategy involved a comprehensive assessment of the current status of
the agricultural system in different governorates in the Sultanate of Oman. A survey
of 268 farms conducted by ICBA in 2011 found that crop yields and farm profit-
ability decreased substantially with increased soil salinity (ICBA, 2011). Moreover,
many salt-sensitive vegetable crops could no longer be grown. The assessment
included the extent of the salinity problem, distribution of water resources, produc-
tivity of different agricultural systems, the impact of salinity on farmers’ income,
policy and legislation. Furthermore, the strategy addressed socioeconomic aspects
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and capacity-building needs at all levels. The strategy identified alternative scenarios
for sustainable water resources and production systems to bring about a more effi-
cient and sustainable use of natural resources.

The strategy showed that the salinity of water used for irrigation in 40-50% of the
farms is more than EC,, 5 dS/m (ICBA, 2011). Therefore, with the exception of a few
salt-tolerant crops such as date palm and Rhodes grass, many crops cannot be suc-
cessfully grown and the productivities of most other crops are far below their yield
potential. Crop varieties that tolerate soil salinity provide acceptable yields in salt
affected soils, when crop management practices to reduce soil salinity are employed.

The ICBA analysis also took into account farm size, the expectation being that for
similar sized farms, those with higher salinity groundwater would have lower profit-
ability. The weighted average gross margin for the farms benefitting from the best
quality water (salinity less than 1500 ppm) was 2830 USD/acre per year, regardless
of the size of the farm. When the salinity was low (between 1501 and 3000 ppm)
the gross margin fell to 2087 USD/acre per year, 74% of the gross margin for fresh
water. For water of medium salinity (between 3001 and 5000 ppm) the gross margin
was 1216.8 USD/acre per year, being 43% of the Class 1 gross margin. Finally, the
gross margin for water of high salinity was 1120 USD/acre per year, being 40% of
the profits achievable with fresh water.

4.3.10 UNiTeD ArRAB EMIRATES (UAE)

Soil and water salinity are a significant problem in many parts of the UAE due to
intensive desalination, including in agriculture, and seawater intrusion into aquifers.
This has resulted in some farmers abandoning their salt-degraded lands as traditional
crops fail. The problem poses challenges to national efforts to enhance food security
and self-sufficiency through local production. It is estimated that in the United Arab
Emirates 34% of the area is salinized (EAD, 2009).

In part to address these multiple challenges, the International Center for Biosaline
Agriculture (ICBA) has worked with local partners to design studies and projects
that look for ways to rehabilitate salt-affected areas and make use of saline soil and
water resources for food and forage production.

The Government of UAE is supporting ICBA to undertake research on the use
of saline water in the agricultural sector in the UAE and at the international level.
ICBA conducts research and development programs that aim to improve agricultural
productivity and sustainability in marginal environments. ICBA’s multi-pronged
approach to strengthening the agricultural sector through expanding food produc-
tion through improved and better access to technology, improved germplasm and
policies, is critical to achieve greater water, environment, income and food security.
During its second strategic phase (2007-2011), ICBA moved from its initial focus on
salinity management to an increased emphasis on water management issues related
to agriculture, including marginal water quality.

A three-year study by a team of scientists at ICBA suggested that the growth of
halophytic grasses could be a good option for forage production and the rehabilita-
tion of salt-affected lands in the UAE. What is more, they produce higher yields
than some traditional grasses like Rhodes grass (Chloris gayana). ICBA studied
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three abandoned salt-degraded farms in Mezaira’a, Madinat Zayed and Ghayathi
in the Emirate of Abu Dhabi. When the grasses were established in the first year of
the study, the water salinity level on the farms ranged from EC,, 14.1 to 17.4 dS/m.
The team tested four halophytic perennial forage grass species namely Distichlis
spicata, Paspalum vaginatum, Sporobolus virginicus and S. arabicus for yield and
water productivity. Harvested three times a year, the grasses produced average dry
biomass yields of 32.6—40.7 t/ha. Average yields in terms of water productivity of
1.7-2.4 kg of dry matter per cubic meter of water were observed, which is better than
that previously reported for Rhodes grass under less saline conditions.

On-farm trials in the Western Region, Abu Dhabi, UAE showed that Paspalum
vaginatum produced the highest biomass yields (53.3 t/ha), followed by D. spicata,
S. virginicus and S. arabicus. In terms of water saving — the new grasses can pro-
duce the same amount of forage with 44% less water compared to Rhodes grass
(Rao et al., 2017).

Sesbania a short-lived perennial legume and moderate salt tolerant species
(threshold EC,, 5 dS/m or 3500 ppm), yielded up to 175 t/ha/year (3 cuts) when irri-
gated with water of EC,, 3 dS/m.

Salicornia is a halophytic species, extremely tolerant to salinity and can be irri-
gated with sea water. It has several uses, including the consumption of young stems
- eaten pickled or as a garnish in fresh salads. Seeds contain 30% oil of high quality
hence the species has great potential for the production of edible oil and as for bio-
energy feedstock production with seawater irrigation.

4.3.11  YEMEN

Irrigated agriculture accounts for about 90% of the water use in Yemen. Salinity var-
ies across the country and surface waters are generally of much higher quality than
groundwater sources (Al-Sabri and Halim, 2012). For example, the salinity in many
dams varies between EC,, 0.8 and 1.2 dS/m, except those downstream of large cities
where the EC,, can range between 2.0 and 2.9 dS/m. Groundwater quality, on the
other hand, is more complex in nature. In many of the highland and lowland basins
the EC,, can range from 2.0 to 5.0 dS/m, particularly near the Wadis. But the salinity
in groundwater near coastal areas can be as high as 8.0-14.0 dS/m due to seawater
intrusion from excessive pumping. Vegetables and fruits are the primary crops that
are irrigated in the country. However, irrigation with saline water is mainly used
on salt-tolerant crops in the coastal plains, but effluents from wastewater treatment
plants are also of poor quality and used for irrigation. Generally, the main crops
irrigated with saline water are forages, grains (millet and sorghum), cotton, tobacco,
sesame, dates and tomatoes.

Saline waters are available as surface and groundwater and are mainly used by
the rock cutting industry in the highlands, as well as for irrigating some tolerant
crops mainly in coastal plains. However, the extensive withdrawal of groundwa-
ter causes salinity to increase in several parts particularly in the coastal areas. The
availability of saline water has not been quantified over the entire country. However,
the use of saline water for agriculture in Yemen is about 300 million m3/year, mostly
in the Tehama region.
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4.4 CONCLUSION

The NENA region has limited freshwater resources and there is a great need to
use saline water to meet food and feed demands. In most countries of the NENA
region, future projections suggest that it will be necessary to use salt-affected lands
in order to meet the food and fiber needs for an expanding population. The sever-
ity of salinization differs from one country to the other. However, the use of saline
water requires appropriate management to minimize the negative impact of salinity
on soil, plant and the environment. About 11.2% of NENA soils are affected by vari-
ous levels of salinity and sodicity. Human-induced soil salinization in the region is
rapidly increasing, both in irrigated and non-irrigated lands. Salinization drastically
reduces crop yields, forcing communities to abandon their agricultural lands. Its
negative impacts extend to environmental health and local economies.

Different types of saline water reuse exists (agriculture drainage water, groundwa-
ter and treated wastewater) and are widely used. However, one should bear in mind the
negative impacts of such waters, such as the increase in soil salinity, yield reductions
and cost. Saline water could be used for irrigation directly or desalinated or mixed with
treated wastewater. It is highly recommended that good agricultural practices (GAPs)
be compiled based on research results using saline water in pilot sites in the NENA
region, with the aim of developing guidelines for the safe use of this water.

Guidelines are very important to assist stakeholders and farmers in the use of
saline water for irrigation while safeguarding the environment, conserving natural
resources, increasing crop productivity/quality and enhancing farm income.

Collaborative research is needed to adapt national programs and policies to turn
low-quality water into resources, and to develop the capacity of member countries in
the use of saline water. Participatotory research approaches are highly desirable so
that extension services can provide local farmers with the know-how on best man-
agement practices for irrigation. This information can also be relevant and useful for
meeting environmental requirements.

Given the scarcity of water resources, a new paradigm is required that will consider
saline water resources as an asset to be managed as part of each country’s integrated
water resources management framework. This asset would not only increase the avail-
ability of water for specific purposes that is hygienically safe, ecologically sustainable
and beneficial for the society as a whole, but would also contribute to adaptation to cli-
mate change and mitigation of its impacts through the reduction in greenhouse gases.

More effort should be directed towards the establishment of new management
and agricultural strategies for the use of saline water that sustain crop production and
safeguard the environment. Therefore, in assessing the suitability of saline water for
irrigation, it is important to consider the following:

* Crop tolerance to salinity must be known.

* Management practices to prevent or minimize salt accumulation in the soil
profile should be put in place.

* Advanced irrigation and drainage technology that are suitable for the use of
saline water need to be adopted.

» Saline drainage water can also be used for growing fish, shrimp and algae.
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5.1 INTRODUCTION

Agricultural production faces unprecedented challenges in the 21st century (Foley
et al. 2011). By the end of the century, the global population may reach upwards of
11 billion (UN 2017), with evolving dietary requirements adding further pressures
on land resources (Bodirsky et al. 2015). All of this will evolve against a backdrop
of a changing climate that could have severe implications for yields and production
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(Agovino et al. 2019). The sustainable management of agricultural land, and soils,
will be key to addressing this challenge. Soils produce around 95% of our food, and
if managed well, even have some capacity to mitigate the harmful effects of flooding
and drought, whilst also sequestering carbon (FAO 2015). Nevertheless, global soil
health is under threat, with around a third of the world’s soils already suffering from
degradation (FAO 2015); in many parts of the world, a major driver of this degrada-
tion is salinization (Rengasamy 2006; Qadir et al. 2014; FAO 2015).

High levels of salts in soil have direct effects on crop yields by impacting osmotic
potential thus reducing plant water uptake (Abrol et al. 1988), but also have severe
consequences for longer-term soil function and agricultural production (Pitman
and Lauchli 2002). Sodium ions (Na*) bind to the exchange sites on clay particles,
increasing the chance of clay dispersal (Abrol et al. 1988). Once dispersed, soils are
susceptible to structural degradation, resulting in surface slaking and reduced infil-
tration rates (Paes et al. 2014). Soil dispersal can also expose previously-occluded
soil organic matter to decomposition, altering the microbial structure and carbon
cycling of a soil (Rath and Rousk 2015). Salts can accumulate at the soil surface and
root zone following evaporation of soil water, whereas an increased flushing with
fresh water can aid salt removal.

It is estimated that salt affected soils cover 932.2 Mha globally, with Europe con-
tributing about 30.7 Mha or 3.3% of total global saline and sodic soils (Rengasamy
2006). Well documented regions of concern range from central Asia, North and
South America, Australia, the Middle East and parts of Africa and Southern Europe.
These constitute mainly arid and semi-arid regions where salinization is intensified
by high temperatures and rapid evaporation, surface water resources are scarce, and
irrigation utilizing water sources of high ionic strength is widely practiced (Endo et al.
2011; Cui et al. 2019).

Salinity is not solely confined to arid and semi-arid regions and can still manifest
as a threat to soils in areas of higher rainfall with greater flushing rates, most notably
in coastal zones (T6th et al. 2008; Jones et al. 2012; Daliakopoulos et al. 2016). Under
future climate predictions, one area at particular risk of salinization is the North Sea
region (Figure 5.1), with its combination of low-lying land, productive farming in
coastal regions and reliance on a regulated water supply to maintain crop require-
ments. Throughout the North Sea region, localized pockets of land have been sub-
jected to salinization processes, such as from seawater inundation (Gerritsen 2005;
Wadey et al. 2015), however, the occurrence of salinization in the region is sporadic.
The risk to agricultural soils inherently differs as a result of varying climatic and
geological conditions and management factors such as flood defence, land drainage
and extent of irrigation (Daliakopoulos et al. 2016). Existing frameworks summa-
rize the salinization process on a global and wider European scale (Té6th et al. 2008;
Daliakopoulos et al. 2016). These are comprehensive but not specific to the northern
coastal regions surrounding the North Sea, a maritime region where the multiple
salinization threats are a function of marine and coastal dynamics. Furthermore, in
coastal regions, multiple processes often occur within the same locality. As a result,
novel frameworks need to be employed to summarize the salinization risks solely in
the North Sea region.
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North Sea

FIGURE 5.1 The North Sea region.

Given future climatic predictions, we anticipate greater threat of salinity to agri-
cultural systems around the North Sea. Salinization will impact on agricultural sys-
tems in the region through a range of mechanisms from flooding, saline intrusion of
groundwater, irrigation with brackish water or airborne salinity (De Waegemaeker
2019). Agricultural land managers will need to explore ways to adapt, but at present,
very little research exists that investigates the issue of salinity in North Sea coastal
region agriculture.

In this chapter, we provide an overview of salinity occurrence in the North Sea
countries with the aim of identifying knowledge gaps for developing a strategy for
agricultural salinity adaptation in the region. On account of limited existence of quan-
titative, comparable, salinity data across the region, this review presents an exploration
of salinization in the region, rather than a comprehensive review of every country.
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5.2 CAUSES OF SALINIZATION IN THE NORTH SEA REGION

We first propose a suitable framework to categorize the common mechanisms of land
salinization shared by all of the North Sea coastal regions. In a 2019 report for the
Interreg VB North Sea Region SalFar project (“Saline Farming”), De Waegemaeker
(2019) developed a framework of four key pathways, which would cause salinization
of agricultural land across the North Sea region. This framework simplifies previ-
ous work by Manca et al. (2015) and Daliakopoulos et al. (2016) that elaborate on
salinization issues across multiple climate zones. This review builds on the original
De Waegemaeker (2019) framework and in doing so, we discuss the four salinization
pathways: (1) irrigation, (2) aerosol, (3) flood and (4) seepage salinization; and how
they may evolve in a changing climate (Figure 5.2.).

5.2.1 IRRIGATION SALINIZATION

Salinization by irrigation is a widespread and well documented problem across many
arid and semi-arid parts of the globe (Rengasamy 2006). In such climates, the strong
evaporative forces leave salt residue from irrigation water at the soil surface, lead-
ing to soil salinization. In many instances, the source of irrigation water is from
groundwater reserves, which have a higher ionic strength than surface waters. In the
maritime climate of the North Sea region, we expect more of a dominance of salt
flushing from natural rainfall as confirmed by a study of the dynamics of soil salini-
zation in Denmark (Christensen 2021). Unlike arid regions, irrigation salinization in
the North Sea region will likely only manifest in instances where an originally fresh-
water resource has become salinized to some extent, or where growers utilize more
brackish sources in instances where freshwater is becoming scarce. Climate mod-
els predict warmer and drier summers, and milder and rainier winters in Northern
Europe (Palmer and Riisdnen 2002; Rowell and Jones 2006). With growing vari-
ability in rainfall events (Pendergrass et al. 2017), farmers may resort to further
reliance on irrigation systems. As the requirements of agriculture, households and
industry compete for an ever more limited water resource, the utilization of brackish
water reserves, if deemed viable, may be an option for growers.

5.2.2  AEROSOL SALINIZATION

Coastal farmland is also at risk of airborne salinization (Rozema et al. 1983; McCune
1991). Key factors affecting the process are meteorological — namely the speed and
direction of the wind (Franzén 1990). Wind speed needs to exceed 4 metres per
second in order for the wind to take up droplets of seawater (O’Dowd and de Leeuw
2007). As such, aerosol salinization in the North Sea region may be more common in
areas exposed to higher winds, for example prevailing winds, and less so in sheltered
areas (Franzén 1990). The North Sea region is generally subject to westerly winds,
and thus we may anticipate more aerosol salinization at the eastern end of the Sea.
The majority of airborne salts are deposited within 1 km of the coast (Gustafsson and
Franzén 1996). Topographic obstacles to airborne transmission, such as a dune belt,
could offer protection of the hinterlands from aerosol salinization. Nevertheless,
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FIGURE 5.2 Four salinization processes of the North Sea region. (De Waegemaeker 2019).

aerosol deposition of salts has been known to travel much further inland (Balance
and Duncan 1985). In a changing climate, the degree of aerosol salinity will be
determined by how wind patterns may manifest.

5.2.3 FLOOD SALINIZATION

Projections from the IPCC point to a worst-case scenario of sea level rise of between
61 and 110 cm by 2100 (IPCC 2019). Such a rise, alongside a predicted increase in
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storm surge frequency, will put coastal areas at risk of widespread coastal flooding
and the inundation of agricultural soils with saltwater (Nicholls and Cazenave 2010;
Brecht et al. 2012; Salehin et al. 2018). The North Sea region will be no exception,
and in fact, may be particularly exposed to this rise in sea level (Vousdoukas et al.
2017); the incidence of coastal flooding is therefore forecast to rise in the region
(European Environment Agency 2019). Furthermore, changing weather patterns
could lead to more unpredictability in storm surge events (Woth et al. 2006), of the
scale that has severely damaged North Sea agriculture in the past (Steers et al. 1979).

The severity of flood salinization will not only depend on environmental factors,
such as the salinity of the water source, the duration and the extent of the flood,
alongside the land’s capacity to recover, but also on post-flood management factors
such as the availability of machinery, cultivation and crop choice. Around the coasts
of the Netherlands, Belgium and the UK, the North Sea has a typical salt content of
3.5% (Raats 2015), whilst closer to the Baltic, and in estuarine areas, the salinity
levels are reduced by dilution with freshwaters. In terms of flood duration, some
coastal floods can last only a few hours, whilst others caused by sea defence failures
in very low-lying areas can last weeks or months, even resulting in land abandon-
ment (Fagherazzi et al. 2019). Even a short-duration flood event can have devastating
impacts on the land (Durant et al. 2018). Finally, the soil type and land management
will also determine how persistent salts may remain in the soil, and also the speed
of recovery e.g. salt flushing. Clay soils not only have slower infiltration, and thus
reduced salt flushing rates, but also can exhibit more structural damage from sodifi-
cation (Abrol et al. 1988). Taking into account all three of these factors, some areas
of the North Sea region may recover quickly, with salinity only being a problem in
the short duration following flooding, whilst in other situations, salinity could impact
on crop yields for a long time, or even lead to permanent changes in land manage-
ment (Gould et al. 2020).

5.2.4  SEEPAGE SALINIZATION

Salinization by seepage involves the subsurface movement of saline or brackish water
to bring it into contact with surface waters, shallow groundwater reserves or the
soil root zone via saline intrusion. Saline intrusion can impact on agricultural lands
by permeating into freshwater sources, such as surface or groundwater resources
utilized for crop production. Additionally, in certain instances, the saline interface
could rise up to within crop root zone itself (Stofberg et al. 2017). The rate of intrusion
depends on two key factors: (i) the upward encroachment of saline water and (ii) the
downward pressure of freshwater (de Louw et al. 2011). If more upward pressure is
exerted from beneath, as a result of rising sea levels, storm surge events or sea level
rise (Masterson and Garabedian 2007; Werner et al. 2013), the saline interface is
forced upwards. Consequently, if less freshwater pressure is being placed from above,
for example from increased freshwater abstraction or reductions in rainfall recharge
(European Environment Agency 2019), the saline interface will also rise towards
the surface. Michael et al. (2017) recently termed the pressure on coastal aquifers
“coastal groundwater squeeze”, which threatens coastal groundwater resources by
overuse and contamination. In a changing climate, these drivers — from above and
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from below — will bring the issue of seepage salinization to increasing significance
in coastal agricultural areas of the North Sea region.

5.3 COUNTRY CASE STUDIES

5.3.1 UNimep KiINGDOM

Many coastal areas of Eastern England have a long history of reclamation, drainage
and conversion to productive arable land (Hazelden and Boorman 2001). As a result,
much of the UK’s most productive agricultural land is found in these low-lying areas
of fertile soils, areas also occupying flood risk zones, with water levels managed
by Internal Drainage Boards. North Sea storm surges flooded east coast farmland
in events in 1953, 1978 and 2013 (Steers et al. 1979; Baxter 2005; Spencer et al.
2015). Farms most at risk to these saline inundations can be areas of particularly
high value: growing potentially less salt tolerant crops, such as salads and potatoes,
exposing vulnerabilities to regional agricultural economies if coastal flood incidence
rises (Gould et al. 2020). In many areas along the North Sea coast, there is continual
debate over the cost/benefit of maintaining flood defences and of nature-based adap-
tation (Liski et al. 2019), keeping the risk of flood inundation ever present in the
attention of UK coastal farmers.

In addition to flooding, there is concern regarding seawater intrusion into some of
the UK’s coastal aquifers, such as the chalk aquifers, a valuable freshwater resource
(MacAllister et al. 2018). These deep aquifers are not considered a direct pathway to
agricultural soil salinity (Cooper et al. 2010), but agricultural abstraction licenses are
in place for other groundwater reserves and surface waters in coastal regions to sup-
ply irrigation systems (Weatherhead et al. 2014), areas in which seepage salinization
could compromise public and private abstraction.

The extent of salt affected soils in the UK is unknown, although considered not to
be insignificant (Loveland et al. 1986). Given the aforementioned mechanisms, the
potential for salinization is geographically extensive, and not localized to any one
agricultural region along the North Sea coastline. As recently as 2013, coastal flood-
ing inundated farmland in areas around the Humber, south Lincolnshire, Norfolk,
Suffolk, Essex and Kent (NFU 2013; Wadey et al. 2015) (Figure 5.3a). Eastern coasts
of Scotland have been subject to periodic flood events, and coastal defences are in
place to protect property and farmland (Hickey 1997). The Norfolk Broads (which
have RAMSAR and SAC designations) have been subjected to increased salinity,
both from changes to local water management and also as an impact of storm surges
(Roberts et al. 2019). Former salt marsh lands of Essex, Kent and other parts of
Southern and Eastern England, areas which have undergone past conversion to farm-
land, can exhibit a degree of salinity, and faced with greater coastal flooding, their
longevity as productive farmland may be in question (Hodgkinson and Thorburn
1995; Hazelden and Boorman 2001 ); the financial impacts of a flood on prime agri-
cultural land could cost up to £5,000 per hectare (Gould et al. 2020). Furthermore,
farmland in South Lincolnshire and East Anglia receives less rainfall compared to
the rest of the UK (Mayes and Wheeler 2013) and thus has a demand for irriga-
tion (Rey et al. 2016) with less salt flushing potential from natural rainfall. By 2050,
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FIGURE 5.3 Locations discussed in the United Kingdom (a); Belgium (b); the Netherlands
(c); Germany (d).
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the water requirements of agriculture in these regions will face increased pressure
(Environment Agency 2020). Some growers in these areas, faced with limitations in
irrigation supply and confronted with brackish surface and groundwater, are starting
to explore trials with brackish water irrigation.

5.3.2 BEwGIuM

Most of the Belgian coastal plain was reclaimed in the 11th and 12th centuries
(Tavernier et al. 1970), and surface water today is maintained by a system of drain-
age and pumping of surface waters to manage winter and summer levels. The phre-
atic aquifer at the Belgian coast constitutes a freshwater lens situated on top of saline
groundwater (Vandenbohede et al. 2015). The cartography of the freshwater lens
showcases the local geology; the lens is thickest at the sandy ridges and thinnest in
the lowest-lying areas (Vandenbohede et al. 2010; VMM 2014; Delsmans et al. 2019).
In some exceptional cases, mainly grassland, the saline groundwater interface is
located at less than 2 metres depth. A comparison of the current situation to research
from the 1970s indicates that the freshwater lens at the Belgian coast is relatively
stable at present (Vandenbohede et al. 2010). Nonetheless, water managers need to
be vigilant as climate change exacerbates seepage salinization.

The closer to the Belgian coast, the more sea level rise puts pressure from below
on this freshwater lens (Lebbe et al. 2008). At two sections of the coast, namely
between Middelkerke and Bredene, and between Wenduine and Zeebrugge (Figure 5.3b),
the dune belt is narrow (50-150 metres wide). Here, the small dune area offers flood
protection but it is not sufficient to prevent the seepage of seawater to the adjacent
polder area, as the fresh groundwater reserve under this narrow dune belt is shallow
(Oude Essink 2001; Lebbe et al. 2008). In addition to this upward encroachment
near the North Sea, there is pressure from below on the freshwater lens along the
Boudewijn canal, which connects the city of Bruges to the port (VMM 2014). In this
case, saline water seeps from the canal to the adjacent polders.

The water availability in Belgium is likely to change with future climate predic-
tions (Tabari et al. 2015) leading to periodic reductions in downward pressure on
the freshwater lens. Recently the province of West-Flanders was confronted with
prolonged droughts, for example in the summer of 2017, 2018 and 2019 (CIW 2018,
2019, 2020). These extreme weather events foreshadow the impact of climate change
on local water management and agriculture. In the aforementioned droughts, all
available water was directed to the rivers and canals in order to ensure navigability
and, as a result, there was no water left to increase the level of surface waters in the
polders. In addition, farmers were prohibited from pumping groundwater for irriga-
tion in order to stall seepage salinization.

5.3.3 THE NETHERLANDS

Agriculture in the Netherlands has a long and rich history of land reclamation, drain-
age and water management (Hoeksema 2007), resulting in the characteristic polder
landscape we know today. With around a quarter of its land surface below sea level
(Huisman et al. 1998), the Netherlands has seen its share of historic coastal floods
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leading to soil salinization (Raats 2015). However, after every flood dikes were
raised above the levels of the last flood. In the aftermath of devastating floods in the
early to mid 20th century, significant investment was allocated to the construction of
a series of dams and flood barriers in the following decades (Raats 2015). As such,
much of the coastline is protected by defences based on withstanding a 1 in 4,000 to
1 in 10,000-year event, constituting a much more robust coastal flood defence system
than other North Sea countries. In fact, it is estimated that without this extensive
defence network, 65% of the country’s land surface would suffer regular flooding
(Huisman et al. 1998). As a consequence of this investment, the likelihood of saline
inundation of Dutch farmland is much less than in other countries, but it can never
be ruled out (Bouwer and Vellinga 2007; Vousdoukas et al. 2016).

The more pressing issue concerning exposure of agricultural systems to salin-
ity in the Netherlands is through the impacts of saline groundwater seepage. The
major part of the low-lying coastal area has a history of being flooded with every
tide. As a geological relict, the groundwater at around 4 metres or below exhibits a
degree of salinity, either brackish or saline. Compared to other North Sea countries,
the Netherlands benefits from more extensive research activity exploring salinity
and groundwater dynamics (de Louw et al. 2010; Oude Essink et al. 2010; de Louw
2013). Beauchampet (2019) provides a comprehensive review of agriculture and sali-
nization from groundwater in the Netherlands, which we briefly summarize in this
case study. In the coastal areas of the Netherlands, model simulations predict up to
twofold rise in salt levels as a result of groundwater seepage from sea level rise pres-
sures by 2100 (Oude Essink et al. 2010). The predicted increase in saline seepage
will not only come from rising saline interfaces, but also by lowering ground levels
due to subsidence (Oude Essink et al. 2010). As a result, the most vulnerable areas
to salinization are located in the reclaimed lands of the coastal areas. Here, ground-
water lies very close to the surface (Velstra et al. 2009), and productive agricultural
systems may be increasingly reliant on freshwater from surface waters for produc-
tion (Nillesen and van Ierland 2006). In future, such lands would require sufficient
flushing with freshwater in order to keep the saline interface at bay. Faced with ever
increasing sea level-induced pressures from below, and the potential for less rainfall
or more freshwater abstraction from above, keeping the saline interface at sufficient
depth will prove to be a challenge for Dutch agriculture in the 21st century (Velstra
et al. 2009).

5.3.4 GERMANY

Following global sea level rise in the Holocene, salinization of the German North
Sea coast stretched up to 20 km inland (Martens and Wichmann 2011). Centuries
of storm surges, land reclamation and extensive dike building created the current
German North Sea coastline we see today (Vollmer et al. 2001). It stretches about
1,300 km (including islands), with a closed dike line offering protection for the land
behind. Without these dikes, in some places up to 9 metres in height, and coastal
protection system, the low-lying hinterland would be flooded with the tides. Large
areas of the region lie below sea level and the coastline is vulnerable in a changing
climate (Sterr 2008).
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The most vulnerable regions to groundwater salinization are the barrier islands,
such as the East Frisian Islands (Figure 5.3d) (Roper et al. 2012; Seibert et al. 2018),
and the low-lying marsh lands such as East Frisia. In these regions, German agri-
culture is threatened by flood inundation during storm surges, which can lead to
rapid salinization of groundwater lenses (islands) or groundwater aquifers (main-
land); whilst increasing seawater pressure and decreasing freshwater resources
lead to comparatively slower seepage salinization (Werner et al. 2013). Recovery of
infiltrated freshwater bodies in such areas takes years to decades (Anderson 2002;
Holding and Allen 2015; Post and Houben 2017).

Groundwater in parts of North Germany’s coastal areas is also subject to the
“coastal groundwater squeeze” (Daliakopoulos et al. 2016; Michael et al. 2017) and
as such, salinization of groundwater resources in Northern Germany becomes a
growing issue for public water supply. Although currently much of the groundwater
monitoring focuses on other anthropogenic inputs such as nitrates and pesticides, in
the long-term groundwater salinization is expected to become a critical threat to the
utilization of groundwater sources (Grube, 2000). The situation is exacerbated by
increasing population, tourism and general water demand (Michael et al. 2017) and
consequences of sea level rise, flooding and droughts (Jurasinski et al. 2018).

5.3.5 DENMARK

The Danish coastline stretches 7,400 km from the North Sea in the west to the Baltic
in the east, comprising the Jutland peninsula alongside hundreds of islands, exposed
to a gradient of salinity from west to east (Hansen et al. 2011). With a few excep-
tions of land reclamation by dike construction in fjords, such as Lammefjorden in
1873, the landscape of Denmark is generally above mean sea level. The southern
part of the North Sea coast of Jutland constitutes the northern extent of the Wadden
Sea and marshes protected from flooding by dikes established in the past 100 years.
North of Esbjerg the coast is protected by an extensive belt of sand dunes. This belt
of sand dunes has been subject to significant erosion during the past 50 years and in
major sections is only maintained by protective initiatives such as beach enrichment
and repetitive reshaping of the remaining sand dune barrier. Flooding in Denmark
falls into two categories: flooding in the marsh of the North Sea coast is a rare event
with only limited effects during the past 100 years, while flooding of coasts in the
inner sea (Baltic Sea and Kattegat) including flooding of arable land is reported with
increasing frequency.

Groundwater salinity in Denmark is currently monitored in sources of drinking
water. An increase in salinity has been seen in coastal regions, most significantly in
coasts of the inner sea including Zealand and small islands such as Lasg, Endelave,
Sejerg (Figure 5.4a) (summarized by Kristiansen et al. 2011). These areas also cor-
respond with reported areas of saline intrusion noted by Fenger et al. (2008). There is
also evidence in Danish coastal regions of legacy impacts of sea spray on forest soils
(Pedersen and Bille-Hansen 1995), suggesting airborne salinity as another potential
pathway of salinization in coastal Denmark. Root zone soil salinity has only recently
been subject to study in Denmark (Christensen 2021), which revealed that there is
no accumulation of marine salt in soil in Denmark, most likely due to flushing from
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menmark

FIGURE 5.4 Locations discussed in Denmark (a); Sweden (b); Norway (c).

sufficient rainfall. However, temporary soil salinity can be observed as a result of
flood or seepage from the coast as well as aerosol from the sea.

The Danish case also offers an historic insight into how local communities can
adapt to, and even exploit, salinization for economic benefit. Saline groundwater on
the island of Lasg (Jgrgensen 2002) allowed large-scale production of salt on the
island between the 12th and 16th centuries, bringing wealth to the island, salt being
an essential commodity for food preservation in Scandinavia and Northern Europe.

5.3.6 SWEDEN

Groundwater salinization in Sweden has been explored in several studies, most of
which date back to the late 1980s and early 1990s. The most comprehensive works
(Knutsson and Fagerland 1977; Lindewald 1981; Olofsson 1996) investigating the
occurrence of groundwater salinization in Sweden utilize data sourced from the
Geological Survey of Sweden (SGO). According to Olofsson (1996), groundwater
salinization in Sweden is attributed to several factors including the intrusion of sea-
water in coastal areas, fossil seawater, chemical interaction between the groundwater
and the aquifer, as well as anthropogenic sources such as runoff from waste deposits
and the use of de-icing salts on roads.

Lindewald (1981) presented evidence of groundwater salinity in Sweden using
data from the SGO. The results showed that 780 wells were identified as salinized,
with Chloride concentrations of 300-7000 mg per litre. In a later study by Olofsson
(1996), as many as 13,000 wells were said to have a “salty taste”, with Chloride lev-
els of 300 mg/L or higher. The majority of wells exhibiting salinity could be found
along the whole Swedish coastline (including Oland and Gotland), and into central
Sweden within a 200 km wide zone from the Swedish west coast via Lake Vinern,
and from Lake Vittern to Lake Maélaren near Stockholm (Figure 5.4b) (Olofsson
1996). Saline groundwater occurred in different aquifers in Sweden and could be
found in sedimentary as well as in crystalline bedrock as well as in sand and gravel
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deposits (Lindewald 1981). Lindewald (1981) linked the cause of salinization on the
west coast with the transgression from the Atlantic Ocean.

Approximately 1,800 km of the Swedish coast is at risk of climate-driven ero-
sion, land degradation, loss of natural habitats, and infrastructure depreciation (SOU
2007). The coast of Southern Sweden is particularly exposed to erosion and coastal
flooding; which are expected to increase in the coming 100 years (SOU 2007). Like
much of the North Sea region, sea level rise in combination with increasing demand
on groundwater may intensify the salinization of groundwater along with the coastal
areas of Sweden bordering the North Sea.

5.3.7 NORwAY

Unlike many other North Sea countries, groundwater only plays a relatively small,
although increasing, role in Norway’s drinking water supply on account of the
large reserves of surface water available (NGU 2014). Groundwater is thus not
monitored in as much detail as in some other countries, resulting in limited data for
groundwater salinity measures. As a result also, seawater intrusion of groundwater
has seen little attention in monitoring and research. However, despite a gener-
ally low awareness concerning potential agricultural problems related to seawater
intrusion, the Geological Survey of Norway lists reducing groundwater removal
to avoid saltwater intrusion in coastal areas among possible measures to maintain
good groundwater quality.

For Norway, climate-driven sea level rise will dominate over land subsidence in
the coming century, although predicted sea level changes are expected to be below
the global mean (Simpson et al. 2015). Coastal areas in South-Western and Western
Norway will most likely experience larger relative sea level increases than in more
northerly areas (with the exceptions of some islands) or in the Skagerrak strait
(Simpson et al. 2015). In terms of potential salinization of agricultural land, though
the risk may be low in general, some areas along the North Sea coast may be prone
to saline inundation, as well as saline intrusion into groundwater, as reflected by
high electrical conductivities and salt concentrations measured in a coastal location
within the national groundwater surveillance grid (Orresanden; Seither et al. 2016).
One of these areas is Jeren in South West Norway (Figure 5.4¢), the country’s larg-
est lowland plain with significant agricultural production. While agricultural land in
this region mainly remains several metres above sea level, extreme storm surges may
still flood farmland (Eich-Greatorex et al. 2020).

Future salinization threats in Norway may thus manifest from inundation due
to storm events, and also aerosol and seepage salinization may be relevant in some
areas. Additionally, interest in irrigation with brackish water is rising. However,
Norway will likely be one of the least impacted nations in the North Sea region.

5.4 DISCUSSION

It is clear from the exploration of our country case studies that even in a region of
relatively similar climatic conditions, the issue of salinization is diverse and complex.
Nevertheless, the country studies do highlight some common themes — namely that sea
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level rise, and increased demand for freshwater, will induce pressures on groundwater
resources across the coastal region. As such, seepage salinization will manifest and
could either lead to increased salinity in the root zone, for example in the Netherlands,
Denmark or Belgium where evidence shows saline groundwater is relatively shallow in
the soil profile; or by upward movement of saline water mixing with surface waters or
irrigation sources. Despite all countries facing some degree of seepage salinization, it
is the relatively slow nature of seepage salinization, in comparison to flooding, which
provides one of the major policy challenges facing the region. Subsequent impacts take
time, and may not become evident for many years. Therefore, the problem may be clas-
sified as a “creeping catastrophe” (Schneider et al. 2013) posing challenges to a better
understanding of its dimensions and societal responses.

Unlike seepage, current flood salinization threats differ vastly between counties
in the region as a result of geographical and management factors. Countries that
have invested more in coastal defences, such as the Netherlands, or have mainly
higher and steeper topography, such as Norway, are unlikely to see much flood sali-
nization at present, although a future risk to these countries should not be ruled
out. The Netherlands further offers us an example of how strategic investment can
help reduce flood salinization risks; although this comes at substantial financial cost.
Conversely, the mechanisms of salinization to the UK, Germany and Denmark are
manifold: these countries have experienced flooding in recent history; are likely con-
fronting the “coastal groundwater squeeze” (Michael et al. 2017), and have been
subject to the airborne deposition of salts. Taking this all into account portrays a very
complex picture throughout the North Sea region, highlighting the interdisciplinary
nature required to address the future salinization challenge.

Of the four mechanisms outlined in the framework (Figure 5.2), irrigation salini-
zation may be a likely pathway of future salinization, but not something of present
concern given the lack of existing data on the subject. However, whilst conducting
this review, and the wider SalFar project, we noted some curiosity and willingness
from growers to explore new opportunities with brackish water irrigation across the
region, and several anecdotal reports of such practices. For growers, brackish water
irrigation may lead to reductions in water costs, or saving viable crops in times of
drought. Much of the data on the salt tolerance of conventional crops has emerged
from trials in more arid regions, and on older varieties (Ayers and Westcot 1985;
Tanji and Kielen 2002). More research is needed to identify whether such crops may
be able to withstand more salinity than first thought, if grown in a climate of more
precipitation such as the North Sea region. Recent work on the island of Texel in
the Netherlands has explored salt tolerance of conventional crops commonplace in
European agriculture (de Vos et al. 2016). Their findings, albeit conducted in a sandy
soil environment with greater flushing rates, suggest that several typical crops may
withstand more salinity in their irrigation water than first thought. However, such
practices are not without risk. The potential for long-term soil damage from brackish
irrigation in maritime climates remains unknown. Further investigation with long-
term salinity field trials is required in order to explore both crop impact and the soil
physical, chemical and biological response under a range of different management
regimes.
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What is evident from our exploration of the North Sea region is not only a general
lack of sufficient data on salinity, but also an inconsistency of measurement between
countries. In the Danish islands, we obtained data on percentage (%) salinity. In
Belgium, saline groundwater data has been reported in g/L total dissolved solids. In
other countries, monitoring of Chloride levels is more routine for water companies.
Many farmers and growers use portable and commercial probes to measure salin-
ity in units of ppm. Across all countries, data on water salinity was more available
than soil data. The lack of data and consistency between nations is not unsurprising,
given that salinization has been of little historic concern in the region compared to
other parts of the world. However, over the coming century the issue of salinity will
become ever more prescient, and systematic monitoring, mapping and data collec-
tion, consistent across all countries of the region, will be essential if the region is to
adapt to such threats.

Despite the complexity around the region, and the lack of available data, we pre-
dict increased occurrence of salinization to the region in the coming century. Faced
with this, coastal land management and agriculture will need to adapt. Key to this
will be the complex role of water management bodies. A combination of coastal
protection, groundwater abstraction regulation, drainage networks and attenuation
and storage areas already constitute much of the North Sea region’s multifaceted
approach to coastal land management. This will become ever more critical in the
coming century, where sea level rise will put greater demands on coastal defences,
freshwater abstraction rates will see greater demand in times of water scarcity, and
approaches to drainage and pumping will need to address seasonal water shortages.
An example of one possible solution might be the designation of water retention
areas, both above and below surface, in order to store water instead of pumping it
into the North Sea, e.g. large attenuation areas or irrigation reservoirs. In doing this,
excess freshwater over winter can be retained to later supply irrigation in the summer
months (Karrasch et al. 2017).

Without investment in water management and protection, farmers may need to
explore adaptations. Whether it be extending rotation and introducing more graz-
ing, or growing more salt tolerant crops, potentially even halophytes (Rozema
and Schat 2013), coastal growers will need to make evidence-based decisions.
As such, the potential for “Saline Agriculture” (Ladeiro 2012) — food produc-
tion that accepts, and adapts to, a degree of salinity in the system — requires
further investigation from the research, policy and agricultural communities.
In each context, however, we must remember that farmers’ decision-making is
also complex. Scientists and economists may develop models that suggest opti-
mal choices based on salinization-risk and market analyses, but local traditions,
social networks and family imperatives all shape behaviour in different ways.
Some of these personal factors will influence a farmer’s willingness to innovate,
impacting on their “perceived room for manoeuvre” (Methorst et al. 2017). Other
factors will see strategic changes emerging from a range of other sources, includ-
ing both local networks and extensive supply chain connections, thus the com-
munication of science and policy must engage a diversity of networks in order to
bring about behavioural change.
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5.5 CONCLUSION

Unlike the arid and semi-arid regions, there is limited data available on salinization,
or its potential, in the North Sea region. However, under future climate projections,
we anticipate the risk of salinization to agriculture in the region to dramatically
increase. The risks and mechanisms of salinization across all North Sea nations are
extremely diverse and can vary greatly from one country to another. If the region
is to develop resilience to salinization in our agricultural systems, it requires more
comprehensive knowledge about salinization. This could be realized through more
extensive mapping and monitoring, and further research into how farms can respond
and adapt, potentially opening greater scope for “saline agriculture”.
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6.1 INTRODUCTION

Soil salinization, defined as the accumulation of water-soluble salts in the soil
to a level that impacts on agricultural production, environmental health, and
economic welfare (FAO 2011), is a global problem and one of the major causes
of land degradation. A major United Nations Environment Programme (UNEP)
study GLASOD (Global Assessment of Soil Degradation), which was a first
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attempt to produce a world map on the status of human-induced soil degrada-
tion, identified soil salinization as one of the major types of soil degradation
(Oldeman et al. 1991).

The drivers or types of soil salinization have generally been characterized as
either primary or secondary (Daliakopoulos et al. 2016). Primary salinization is the
accumulation of salts in the soil profile through natural processes. Secondary (or
human-induced) salinization, on the other hand, is driven by human interventions,
mainly irrigation with saline water often coupled with poor drainage systems, over-
exploitation of groundwater and seawater ingress into coastal land that may be exac-
erbated by climate change and sea-level rise.

Soil salinization is a significant constraint to agricultural production globally.
For example, FAO and ITPS (2015) estimates that increasing soil salinity problems
are taking up to 1.5 million ha of farmland out of agricultural production each year
and compromising the yield potential of a further 20 to 46 million ha. Furthermore,
projected changes associated with climate change are likely to exacerbate the
risks associated with salinization (Koutroulis et al. 2013). Climate change is also
expected to lead to a reduction in potential yields of major crops (such as wheat)
around the world which has implications for global food security. Food security
is an important policy issue as espoused by UN Sustainable Development Goals
(SDGs): “End hunger, achieve food security and improved nutrition and promote
sustainable agriculture” (SDG 2) (UN 2015). Lipper et al. (2014) posit that the
expansion of the level of agricultural output will require greater use of inputs at
an increasing cost and innovations in “climate-smart” agricultural practices such
as saline farming.

Despite the significance of soil salinization, there is sparse information on its
impact on agriculture (and economies) in Europe and globally. This is partly because
of the unavailability of reliable data on the extent and severity of salinization, which
limits the biophysical modelling of impacts of salinization and concomitant eco-
nomic impacts. For example, industry and policymakers need information on the
economic costs of salinization to guide investment decisions and strategies for the
amelioration of salinization related impacts and to set priorities for innovative adap-
tation strategies such as the development of saline agriculture.

The aim of the chapter is to provide a framework for economic risk assessment
in regions where salinity poses a significant threat to agricultural production and
the local/national economy. The analysis of the costs of salinization should pro-
vide a “baseline” for economic impacts of salinization (on agriculture and the wider
economy) which helps to inform the assessment of adaptation measures including
the potential for saline agriculture. This topic remains largely unaddressed by the
literature and this chapter helps to fill in a significant gap.

The rest of the chapter is structured as follows. Section 6.2 reviews key literature
on economic impacts of soil salinity. Section 6.3 presents our conceptual and meth-
odological framework for assessing the economic costs of salinization. This leads to
Section 6.4 in which we present empirical results of farm-level, regional (case study)
and wider economy impacts of salinity, structured around a typology of saliniza-
tion processes (irrigation, seepage and flood salinization). Section 6.5 concludes the
chapter.



Economic Impact of Soil Salinization and Potential for Saline Agriculture 95

6.2 ECONOMIC IMPACTS OF SOIL SALINITY

The biophysical effects (e.g. yield losses) of soil salinization are relatively well
documented. Although there is a wide variation between and within crop types,
farm-level studies show crop yield losses on salt-affected lands of 40-63% in
India, 36-69% in Pakistan and 71-86% in Kazakhstan (Qadir et al. 2014).

One of the first studies on global costs of salinity was conducted by Ghassemi
et al. (1995), who assessed that the global income losses due to salinity at about USD
11.4 billion per year in irrigated areas and USD 1.2 billion per year in non-irrigated
areas. Building on Ghassemi et al. (1995), a comprehensive meta-analysis conducted
by Qadir et al. (2014) estimated the annual (inflation adjusted) income losses from
salt-affected irrigated areas as USD 27.3 billion, based mainly on crop yield losses.
The authors based their calculations on an Food and Agriculture Organization of
the United Nations (FAO) estimated globally irrigated area of 310 million hectares
(Mha) (FAO 2011) with an estimated 20% of this area being salt affected (62 Mha).
Based on these estimates, the annual cost of salinity related land degradation was
approximated as USD 441 per ha in 2013. It is noted, however, that these estimates on
the global cost of salinized land degradation are mainly based on crop yield losses.
These costs are expected to be even higher when other cost components are taken
into consideration, such as the environmental costs associated with salt-affected
lands and the potential social cost on farm businesses. On the other hand, adaptation
measures such as the use of salt-tolerant crops may be expected to ameliorate some
of the impacts of salinization.

Economic studies on the impact of soil salinization in Europe are limited. One of
the early studies in Europe was conducted by Zekri and Albisu (1993) who studied
the economic effect of salinity at the farm level in Berdenas, an area of 56,760 ha of
irrigated land situated north of Zaragoza and south of Navarra in Spain. The objec-
tives of the research were to assess soil salinity levels, to simulate the future situa-
tion without the effects of salinity and to estimate soil reclamation costs and benefits.
They employed an interactive multi-objective mathematical programming methodol-
ogy, optimizing three different objectives: (a) maximizing total farm gross margin, (b)
maximizing labor used and (c) minimizing labor seasonality in order to avoid periods
of unemployment during the year and minimizing risk. The study showed considerable
benefits from soil reclamation at a level equivalent to 69 million €, with 799 jobs gen-
erated. More recently, a study conducted by Montanarella (2007) in three European
countries (Spain, Hungary and Bulgaria) estimated annual costs of soil salinization in
the range of €158-321 million, mainly as a result of agricultural yield losses.

A review of the literature shows that most studies focus on the cost of salinity
in irrigation systems. A majority of these studies estimate the cost of salinization
from biophysical output losses (mainly crop yield losses) for a range of salt-affected
irrigation lands (Qadir et al. 2014). However, some economic studies take account
of additional costs (e.g. remediation of salt degraded land) or additional inputs (and
costs) used to mitigate some of the impacts of salt related land degradation, which
would otherwise not be used for non-degraded land. The consensus in the literature
is that preventing salinization would result in considerable savings, mainly from
reduced yield losses and opportunity costs.
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TABLE 6.1
Economic Costs of Salt-Induced Land Degradation in Different Parts
of the World

Equivalent in Million

Study Authors Country Methodology USD per Year

Marshall and Jones (1997) Australia Opportunity costs based on dose 0.83
response method and mitigation costs

Janmaat (2004) India Opportunity costs (forgone 46
agricultural income)

Marshall (2004) Australia Transaction costs 20.03

John et al. (2005) Australia Opportunity costs 0.09

Aslam and Prathapar (2006) Pakistan Opportunity costs 267

McCann and Hafdahl (2007) Australia Transaction costs 102

Winpenny et al. (2010) Spain Mitigation costs 810

Source: Negacz (2018).

Table 6.1 summarizes estimates of economic costs (yield loss and additional costs)
of salinity in different parts of the world. As may be expected, most studies on the
economic impact of salt-induced land degradation have been conducted in countries
where salinity is a major problem, notably Australia, India, the United States, Iraq,
Pakistan, Kazakhstan, Uzbekistan and Spain. Salinity-related economic analyzes
particularly have a long history in Australia, where salinity is a prominent problem.

Studies on economic costs of salinization attributable to climate change are lim-
ited. One exception is PESETA (Projection of Economic impacts of climate change
in Sectors of the European Union based on boTtom-up Analysis) a major EU-funded
project on the impacts of climate change in Europe covering 25 countries (Richards
and Nicholls 2009; Bosello et al. 2012). This study examined the direct biophysical
impacts of climate change and sea-level rise on: (i) increased erosion, (ii) increased
flood risk and inundation, (iii) coastal wetland loss and change and (iv) (surface)
salinization costs. The higher order costs of these impacts were then assessed using
a computable general equilibrium (CGE) modelling framework with country-level
detail to assess the wider economic implications. Focusing on the salinization part
of the study, the results show that salinity intrusion costs range from €577 to 610 mil-
lion per year and are projected to significantly increase with sea-level rise and over
time across all scenarios investigated in the study. The study further notes that adap-
tation is crucial to keep the negative impacts of sea-level rise at an “acceptable” level.

6.3 METHODOLOGICAL FRAMEWORK TO ASSESSING
ECONOMIC IMPACT OF SALINIZATION

6.3.1 OvVERALL APPROACH AND CONCEPTUAL FRAMEWORK

The impacts of salinization on agriculture depend on a wide range of related fac-
tors. This includes the type of salinization (the process that causes salinization), the
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FIGURE 6.1 Stylized framework for assessing farm scale and wider impact of salinization.

degree of salinization (the present state of salinization), the types of crops grown in
the affected region, the value of those crops, shocks (such as climate change induced
sea-level rise) and any farm-level decisions to ameliorate the impacts of salinization
(which may include the planting of salt-tolerant crops).

This section develops a modelling framework that attempts to incorporate these
variables to allow farm-level and wider level evaluations of the economic risks of soil
salinization. The chain of causes and effects that must be appraised is represented dia-
grammatically in Figure 6.1. As depicted in the figure, the economic analysis focuses on
the scale of impact along each bold arrow. The wider economic impacts can also be esti-
mated at the regional levels by using appropriate multipliers and other local evidence.

To operationalize the framework, we employed multistage empirical model-
ling and scenario analysis to represent the chain of causes and effects of sali-
nization on crop yields and “downstream” economic impacts at the farm and
regional or wider scales. As alluded to earlier, these impacts critically depend
on the fype and degree of salinization, among other factors. In our approach, the
type of salinization follows a typology identified by De Waegemaeker (2019)
i.e. irrigation, seepage, flood salinization and aerosol (or airborne) salinization.
However, we do not include aerosol salinization in our analyzes partly because
of the unavailability of data on the impact or significance of this type of saliniza-
tion in our study area. The degree of salinization was developed from detailed
scenario analysis informed by a critical review of the literature and analy-
sis of data from a survey of partners in Interreg VB North Sea Region SalFar
project, a project co-funded by Interreg VB North Sea Region Programme.
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TABLE 6.2
A Summary of Methodology and Data Sources Used to Assess Economic
Impacts of Salinization

Farm Scale Impacts

Step 1: Develop a typology of salinization based on salinization processes identified in De Waegemaeker
(2019) i.e. irrigation, seepage and flood salinization.

Step 2: For each type of salinization process, develop a range of salinity scenarios informed by a critical
review of the literature (e.g. van Straten et al. 2019) and data from a survey of SalFar project partners.

Step 3: Collate a representative list of crops grown in the North Sea Region using information from the
survey of SalFar project partners.

Step 4: Conduct a yield gap analysis to estimate production penalties (relative yield) of specific crops
under each type of salinization process and salinity scenarios, using crop salt tolerance parameters
provided by Salt Farm Texel (de Vos et al. 2016).

Step 5: Estimate the yield loss (tons/ha) of specific crops under each type of salinization process and
salinity scenarios, using EUROSTAT (https://ec.europa.eu/eurostat) country-level data (2019) on
average yield per ha for each crop.

Step 6: Based on the estimated yield gaps per ha, calculate the gross value of production attributable to
the estimated yield gaps, under each type of salinization process and salinity scenarios, using
EUROSTAT (https://ec.europa.eu/eurostat) data (2019) on average prices of specific crops.

Regional/Economy-wide Scale Impacts

Step 7: Estimate the area affected or at risk of each type of salinization process, using GIS mapping of
areas at risk (where available) or expert opinion, combined with typical crop composition using satellite
remote sensing data, where available.

Step 8: Extrapolate crop yield loss to areas at risk of salinity under each type of salinization process,
using EUROSTAT (https://ec.europa.eu/eurostat) data (2019) on average yield per ha for the regionally
representative crop composition.

Step 9: Estimate expected financial losses, extrapolated to areas affected or at risk of salinization, under
each type of salinization process, using EUROSTAT (https://ec.europa.eu/eurostat) data (2019) on
average prices of the regionally representative crop composition.

Step 10: Scale up output losses to calculate impacts to the wider economy, using appropriate multipliers
where data are available.

Our approach encompasses a series of logical steps, bringing together data from
several sources as summarized in Table 6.2.

6.3.2  SALINITY PROCESSES AND SCENARIOS

Salinity measurement is based on the electrical conductivity of the soil saturation
extract (EC,) in deciSiemens per meter (dS/m) and chloride concentrations (de Vos
et al. 2016). The soil is considered saline when the ECe is 4 dS/m or higher (Table 6.3).
Depending on the level, salinity may have a profound influence on plant productivity,
as shown in the table below and described in detail in de Vos et al. (2016).

To facilitate comparability and compatibility, we employed a typology of saliniza-
tion developed by De Waegemaeker (2019) as a basis of our economic analysis: irriga-
tion salinization, flood salinization and seepage salinization and aerosol salinization.
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TABLE 6.3
Soil Salinity Classes and Effect on Crop Growth

Soil Salinity Class Salinity (EC, in dS/m) Effect on Plants

Non saline 0-2 Salinity effects negligible

Slightly saline 2-4 Yields of sensitive crops may be restricted
Moderately saline 4-8 Yields of many crops are restricted

Strongly saline 8-16 Only tolerant crops yield Satisfactorily

Very strongly saline >16 Only a few very tolerant crops yield satisfactorily

Source: Adapted from Van Orshoven et al. (2012).

It may be noted that this typology categorizes the processes that create saline soil
conditions and not the resulting saline soil conditions. Due to the unavailability of
data on the actual degree of salinity, we use scenario analysis to estimate the potential
economic impact of salinization. To calibrate the analysis of economic impacts, we
developed a range of salinity scenarios, from slightly saline to strongly saline. This
was informed by a critical review of the literature (e.g. van Straten et al. 2019) and data
from a survey of SalFar project partners. Table 6.4 summarizes salinity scenarios used
in the analysis.

For irrigation salinization, we used four different salinity levels of irrigation
water. The salinity levels of irrigation water were chosen based on the study by Van
Straten et al. (2019).

For seepage salinization we used two groundwater salinity scenarios. The cali-
bration of the levels of groundwater salinity scenarios was based on data on actual
salinity of groundwater obtained from the province of Groningen (measured as chlo-
ride (CI) concentrations). Looking at the Cl groundwater concentrations across the
province of Groningen we chose the concentrations corresponding to four percentiles

TABLE 6.4
Salinity Scenarios Employed in Economic Analysis

Salinity Scenario Levels
Salinization Process Description (EC,, in dS/m)
Irrigation salinization (IS)  Salinization that results from irrigation of 4,8,12,16
non-saline agricultural soils with salt or
brackish water.
Seepage salinization (SS)  Salinization that results from the rise of salt 0.02,0.09, 0.2, 0.7
rich groundwater. The salt rich groundwater
may be hydrologically linked to nearby
seawater.
Flood salinization (FS) Salinization that occurs as soils are flooded by 7.1, 6.08, 5.06, 3.03, 4.04
brackish or salt-rich water. Flood risk may be
exacerbated by climate change
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0%, 25%, 50% and 75% (corresponding to 6, 26, 64 and 215 mg/l respectively) of
the Cl distribution (or ECw values of 0.02, 0.09, 0.2, 0.7 dS/m equivalent). However,
in the empirical analysis, we focused only on the salinity scenario levels that had a
significant impact on yields (i.e. 215 mg/L). The result of the other salinity levels had
only a marginal or no impact on crop yield.

Finally, for flood salinization, we considered that seawater flooding impacts on
yield can occur over many years. Therefore, to assess total yield loss (current and
future years) as the soil recovers, we firstly calculated the response of different crop
types (relative yields) to salt-affected land. We did this by predicting salt soil lev-
els in recovery years. However, for farm-scale assessments, this method could be
adapted by basing on known, or historic salt levels. We assumed the complete loss
of the standing crop during the flood (zero yield in flood year) followed by a “slid-
ing” recovery approach during the following years, where the rate of recovery was a
function of the salt tolerance per crop type based on predicted salt soil levels. Thus,
the model considered that highly tolerant crops recover yield on inundated fields at a
faster rate than sensitive crops. Salt recovery time depends on soil type; for example,
a well-drained sandy soil may recover back to post-flood production in 2 years,
whereas a heavier, poorly drained soil may take up to 7 years. As such, without
knowledge of site specific drainage regimes, we modelled six recovery scenarios on
a scale of 2-7 year soil recovery.

To evaluate the impact of soil salinity and facilitate comparisons, where appropri-
ate, we converted irrigation water salinity (i.e. electrical conductivity of irrigation
water, EC,) into corresponding soil salinity (EC,) using procedures developed in
Ayers and Westcot (1985) and Grattan (2002). Where soil salinity was measured in
chloride, we converted soil salinity in chloride concentrations (mg/1) into equivalent
EC (in ds/m) measurements, using established correlations in the literature (e.g. de
Vos et al. 2016).

6.3.3 EcoNnomic MoDEL: IMPACT OF SALINITY ON CroP YiELD AND OUTPUT

Crop salt tolerance can be measured on the basis of two parameters: (a) the threshold
salinity that is expected to cause the initial significant reduction in the maximum
expected yield and (b) the percentage of yield expected to be reduced for each unit
of added salinity above the threshold value (i.e. slope) (Shannon and Grieve 1998).
Using these parameters, the first step in economic analysis was to estimate the crop
relative yields based on the following model (Maas and Hoffman 1977; Tanji and
Kielen 2002):

Yr =100 — b(ECe — a) ©.1)

where Yr is the relative crop yield relative to the potential (under no salinity); a
is the crop salinity threshold in dS/m; b is the slope expressed in percent per dS/m;
and ECe is the predicted (or measured) salinity level (dS/m) of the soil. Values for a
and b for each crop are traditionally based on FAO salt tolerance data which cover
a comprehensive list of crops, albeit rather dated and were based on experiments
mainly conducted in non-temperate environments (Maas and Hoffman 1977; Tanji



Economic Impact of Soil Salinization and Potential for Saline Agriculture 101

and Kielen 2002). However, in our analysis we used an updated set of parameters
provided in de Vos et al. (2016) which were derived from experiments in Europe
(Salt Farm Texel), albeit covering a limited range of crops. Finally in our analysis,
values for ECe were based on soil salinity scenarios discussed in the previous sec-
tion (Table 6.4).

To assess impacts to yields and crop tonnage, reference data for yield per hectare
were obtained from EUROSTAT for the year 2019 (https://ec.europa.ecu/eurostat).
The total tonnage lost of each crop in each year was calculated using the following
formula:

6.2)

100 -Y7
Ly, =(h X YFM)X(MJ

where LY, is the loss in yield (tons); 4 is the hectare coverage of each crop; Yy,
is the yield per hectare values for each crop; and Y7, is the relative yield, based on
the salinity and crop tolerance derived in equation 6.1. These were converted to
financial losses using data for prices per ton of each crop obtained from EUROSTAT
(https://ec.europa.eu/eurostat). Crops were chosen based on a review of economic
importance of various crops in Europe, information on the most commonly grown
crops in the North Sea Region of Europe and information from the survey of SalFar
project partners. A refined list of crops for analysis included potato!, barley, sugar
beet, wheat, maize, ryegrass, carrot, onion, lettuce and cabbage.

Finally, the farm-level impacts (yield and financial losses) were scaled up to a
wider (regional) level, where data were available. This depended on the availability
of reliable data on the extent and severity of salinization (or areas at risk of saliniza-
tion) as well as detailed data on crop composition and distribution.

6.4 RESULTS AND DISCUSSION: ECONOMIC
IMPACTS OF SALINIZATION

Economic impacts of salinity can be assessed at different scales or levels: farm,
regional and economy-wide scales. We begin with farm-level impacts by estimating
relative (and absolute) yield and financial losses of specific crops under different
salinization processes and salinity scenarios.

The analysis will show the potential economic impact of different salinization
processes on crop yields. This can inform an assessment of crops that would be more
affected by soil salinity and the countries that would undergo larger financial losses
depending on the economic importance of the crops grown. We then extrapolate the
impacts to the regional level (i.e. beyond the farm level), illustrated with case studies
across the North Sea Region.

6.4.1 FArRM-LEveL EcONOMIC IMPACTS OF SALINIZATION

6.4.1.1 Impacts of Irrigation Salinization

To assess the impact of irrigation salinization, we estimated the relative yields
of key crops under a range of salinity levels and crop salt tolerance parameters
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FIGURE 6.2 Relative yield of key crops under irrigation salinity.

given in de Vos et al. (2016). To represent the range of salinity impacts, we pres-
ent the results of saline irrigation water of EC,, 4 dS/m. Relative yields range
from 64% (barley) to 80% (potatoes), indicating potatoes are comparatively more
salt-tolerant and barley is the least salt-tolerant (Figure 6.2).

In relation to yield and financial losses, we used the salinity effects on potato and
barley as an example and compared yield and financial penalties across the North Sea
Region countries (Figure 6.3). For instance, if potato was irrigated with EC,, 4 dS/m,
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FIGURE 6.3 Irrigation salinization: Yield and financial losses of potato.
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TABLE 6.5
Irrigation Salinization: Yield and Financial Losses of Barley
across Countries

Country Yield Loss (tons/ha) Financial Loss (€/ha)
Belgium 2.8 391.67
Denmark 1.6 230.72
Germany 2.1 416.00
Netherlands 2.5 483.60
Sweden 1.1 141.00

United Kingdom 2.0 240.55
Norway 1.4 -

the yield losses ranged from 6.2 tons/ha (Sweden) to 8.3 tons/ha (the United Kingdom).
We then converted these yield losses into financial penalties using crop price data from
EUROSTAT (https://ec.europa.eu/eurostat).

The results ranged from €1478 to €2259; Denmark incurred the highest financial
loss followed by the UK, while the Netherlands would be the least financially affected
but would incur the second largest yield loss per ha after the UK. For Norway, prices
were not available in EUROSTAT, hence we could only say that it would incur the
least potential yield losses per ha. Similarly, comparing the financial losses under the
other three irrigation levels across the countries, Denmark followed by the UK were
the most affected by potato yield losses.

Estimating the impact of irrigation salinity (EC 4 dS/m) on barley showed yield pen-
alties ranging from 1.1 tons/ha (Sweden) to 2.8 tons/ha (Belgium) with financial losses
ranging from €141/ha (Sweden) to €483.60/ha (Netherlands). The results are summarized
in Table 6.5. Belgium followed by the Netherlands, would undergo the highest yield losses
among the countries, while the largest financial losses would occur in the Netherlands.

6.4.1.2 Impacts of Seepage Salinization

To assess the impact of seepage salinization, we used salinity (chloride concentration
of 215 mg/L) scenarios of groundwater, assuming that groundwater reaches the root
zone of the crops. However, the results show that all salinity scenarios would have
no significant impact on the yield of all the crops investigated as shown in Table 6.6%.
Further investigation using FAO salinity tolerance data shows that the only crops that
would be affected are carrot and onion. For this type of salinization, we were not able
to estimate potential yield and financial losses for each country for carrot and onion
because EUROSTAT does not provide data for the prices and yields of vegetables.

6.4.1.3 Impacts of Flood Salinization

In the case of flood salinization, we estimated the relative yields and potential yield
losses assuming a flooding event. Following Gould et al. (2020), we assumed the com-
plete loss of the standing crop during the flood followed by a sliding recovery approach
during the following years, where the rate of recovery was a function of the salt toler-
ance per crop type based on predicted salt soil levels.
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TABLE 6.6
Seepage Salinization: Relative Yields for All Crops

Relative Yield (%)

Relative Yield (%) (Based on FAO Salinity Tolerance
(Based on Texel Salt Farm Salinity Tolerance Parameters
Crops Parameters (de Vos et al. 2016)) (Tanji and Kielen 2002 ))
Potato 100 100
Barley 100 100
Sugar beet * 100
Wheat * 100
Maize * 100
Ryegrass * 100
Carrot 100 95.83
Onion 100 98.44
Lettuce 100 100
Cabbage 100 100

* Texel Salt Farm salinity tolerance parameters (de Vos et al. 2016) were unavailable for these crops.

Hence, in the first year after the flood, we assumed zero yields while in the
second recovery year we assumed soil salinity with an EC, of 7.1 dS/m, a typical
post-flood salinity level recorded in previous saline flooding research in the UK
North Sea coastal systems (Hazelden and Boorman 2001; Gould et al. 2020).
Taking as an example potato yields grown in the second recovery year after
a potential flood, we compared the results across the North Sea Region coun-
tries. As shown in Figure 6.4, yield losses for potato ranged from 7.86 tons/ha
(Sweden) to 10.81 tons/ha (UK) while financial losses ranged from €1,478/ha
(Netherlands) to €2,259/ha (Denmark). Similar to the case of irrigation salini-
zation, results showed that Denmark would incur the largest financial losses if
potato was grown in a field 2 years after a flood event and the UK would incur
the highest yield losses per ha.

Results for barley (Table 6.7), showed that Belgium would incur the highest
yield losses per ha, losing 460.05 €/ton and the Netherlands would lose 608.4 €/t.
Comparing potato and barley financial losses per ton, it is apparent that countries or/
and regions where potato is the principal crop would undergo more severe financial
losses in a case of flooding than areas which primarily grow barley.

6.4.2 RecioNAL EcoNoMIC IMPACT OF SALINIZATION

In this section, we scale up salinity impacts to the wider (regional) level, focus-
ing on selected case study areas in the North Sea Region of Europe, where data
were available. We present three case studies on regional economic impact of the
main types of salinization: (a) irrigation salinization—Netherlands (Groningen)
(b) seepage salinization—Belgium (Oudlandpolder) and (c) flood salinization—-UK
(Lincolnshire).
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FIGURE 6.4 Yield and financial losses for potato under flood salinization across all
countries.

Although the potential for salinization is geographically extensive, and not local-
ized to any one region along the North Sea coastline, we focused on the three case
studies in our empirical analysis partly because of limited availability of data on
salinity risks in the region and because of anecdotal evidence of significant risks
of salinization in these case study areas. For example, coastal flooding risks (and
associated salinity risks) are significant within Greater Lincolnshire (UK), a low-
lying, highly productive agricultural land with a history of flooding, including as
recently as the year 2013. It is in this vein that the case of regional economic impact
of flood salinization is based on a recent study conducted by Gould et al. (2020) on
the impact of coastal flooding on agriculture in Lincolnshire, UK.

TABLE 6.7
Yield and Financial Losses for Barley under Flood Salinization
across All Countries

Country Yield Loss (tons/ha) Financial Loss (€/ton)
Belgium 3.48 460.06
Denmark 1.96 289.80
Germany 2.61 522.00
The Netherlands 3.12 608.40
Sweden 1.37 177.27
United Kingdom 2.55 302.17

Norway 1.77 -
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6.4.2.1 Case Studies from Europe’s North Sea Region

Table 6.8 presents the results of an analysis of a regional economic impact of the main
types of salinization for the three case studies: irrigation salinization—Netherlands
(Groningen), seepage salinization—Belgium (Oudlandpolder) and flood salinization—UK
(Lincolnshire).

Though not strictly comparable, the results suggest that flood salinization poten-
tially has the greatest economic impact (as indicated by the financial loss per ha), fol-
lowed by seepage salinization and irrigation salinization in that order. It should be
noted, however, that these losses are limited to direct farm impact in terms of yield
losses, i.e. these exclude the wider economy “multiplier” or supply chain costs that can
be substantial. For example, as will be discussed in more detail in the case of flood
salinization in Lincolnshire (UK) in the next section, these wider economy impacts
amount to approximately €115 million in GVA (Gross Value Added) losses.

6.4.2.2 Regional Impact of Flood Salinization: Lincolnshire, UK

To represent the case studies on the regional economic impact of salinization, this
section presents a more detailed analysis of the potential impact of flood salinization

TABLE 6.8
Regional Economic Impact of Salinization: North Sea Region Case Studies
Estimated Financial
Area at Lossin  Estimated Loss per
Salinization Risk Yield Financial ha (Euro/
Process Case Study (ha) Methods (tons)  Loss (Euro) ha)
Irrigation Holland 17,526 GIS mapping of affected 147,992 34,947,861 1,994.06
salinization (Groningen) areas and analysis of
regionally representative
cropping composition
and distribution.
Groundwater salinity
data (Cl) provided by the
Province of Groningen
Seepage Belgium 11,938 Mapping of affected areas 147,663 27,381,670 2,293.66
salinization (Oudlandpolder) and analysis of regionally

representative cropping
composition and
distribution. Groundwater

salinity data (EC)
provided by Belgium
Flood UK 108,238 Climate (flood modelling) 2,022,385 279,548,899 2,582.72
salinization (Lincolnshire) and salinization impact
mapping based on GIS

and satellite data
analysis of cropping
composition.
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in Lincolnshire, UK, a region where coastal flooding presents a significant risk to
agriculture. Again, the results presented here are based on recent research on the
impact of coastal flooding on agriculture in Lincolnshire, UK conducted by Gould
et al. (2020). In the study, economic and yield losses were estimated based on a com-
bination of predicted flood models, typical crop composition using satellite remote
sensing data and soil type/drainage potential of a flood event for a given coastal
region. In particular, the study defined three flood scenarios reflecting: (i) current
breach risk, (ii) future breach risk and (iii) a “big” flood event (see Gould et al. 2020
for details).

The primary focus of this chapter, however, is on the current breach risk. For all
breaches, we assumed that the post-breach regime was to repair the breach and con-
tinue the existing defence strategy. To assess current areas exposed to sea bank breach
risk, we used breach scenarios obtained from the UK Environment Agency. These
flood scenarios are used to inform the UK flood defence strategy. They modelled the
ingress of flood water for a 1 in 200 years breach (72 hours duration) of sea defences
under 2006 climate conditions. These are the most recent breach scenarios data
released by the Environment Agency, and as such we describe these as “current.” We
used breach scenarios from 67 individual locations spanning a 105 km stretch of the
Lincolnshire coastline (Figure 6.5). To account for localized differences in tidal behav-
iour, we grouped these 67 model scenarios into four Coastal Zones (CZs) as shown in
Figure 6.5. Using the Land Cover Plus data, average crop composition per breach area
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FIGURE 6.5 Location of the case study area and location of each analyzed breach scenario.



108 Future of Sustainable Agriculture in Saline Environments

was calculated for each of the four CZs, giving a typical breach crop composition for
each stretch of coastline.

To assess total yield loss (current and future years) as the soil recovers, we firstly
calculated the response of different crop types (relative yields) to salt-affected land. In
this chapter, we did this by predicting salt soil levels in recovery years. However, for
farm-scale assessments, this method could be adapted based on known or historic salt
levels. We assumed the complete loss of the standing crop during the flood (zero yield
in flood year) followed by a sliding recovery approach during the following years, where
the rate of recovery was defined as a function of the salt tolerance per crop type based
on predicted salt soil levels. Thus, the modelling approach captured the fact that highly
tolerant crops would recover yield on inundated fields at a faster rate than sensitive crops.

To assess impact, reference data for yield per hectare were obtained from the
John Nix Farm Management Pocketbook (Redman 2016), an information source for
financial assessments of UK farmland. These were readily converted into output
losses in monetary terms using crop price data obtained from EUROSTAT.

Figure 6.6 diagrammatically shows the yield and financial losses, aggregated across
all the coastal zones over the full soil recovery time for all 1-7 years salt recovery time
scenarios (1-7 years). Total yield losses over the recovery period were estimated to be up
to 418,866 tons while the output losses per ha averaged £5,636 over the recovery period.

To investigate heterogeneity in yield and output losses across CZs, we turn to disag-
gregated analysis of impacts. Figure 6.7 displays the total yield losses (tons) across CZs.
The results reveal a spatial heterogeneity in yield recoveries and hence yield losses across
regions (CZs) due to differences in salt tolerance and crop composition across zones.
CZs, where salt sensitive crops are dominant, would be worst hit by flood salinization.
For example, it was found that CZs, where salt sensitive crops are dominant, suffered a
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FIGURE 6.6 Regional economic impact of flood salinization: total yield and output
losses per ha over full soil recovery time for all 1-7 years salt recovery time scenarios in
Lincolnshire, UK.
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FIGURE 6.7 Regional economic impact of flood salinization; total yield losses across
coastal zones in Lincolnshire, UK.

88% yield loss compared to a 27% yield loss in more “tolerant” CZs. This implies greater
potential for salt-tolerant crops in these areas, particularly in early recovery phases as a
remediation or adaptation option for salt degraded land.

Table 6.9 reports the total yield losses, output losses and output losses per ha over
the full soil recovery time for all 1-7 years salt recovery time scenarios (1-7 years)
for each coastal zone. This is based on the average breach crop composition in each
coastal zone (CZ1-CZ4). The results show that in the first (flood) year alone, a single
breach could deprive farms of a total yield of 31,778 tons in CZ1, 66,051 tons in CZ2,
30,671 tons in CZ3 and 108,336 tons in CZ4. When yield losses were converted into
potential losses in monetary terms, this translated to £2,684,625 per breach in CZl1,
£9,608,181 in CZ2, £4,183,383 in CZ3 and £15,264,116 in CZ4.

The results in Table 6.9 further show a non-linear yield recovery (i.e. differences
in yield and output losses between years are not uniform) which may be related to the
salt tolerance of the typical crop composition. Within 2-3 years, beet, wheat, grass
and barley will return to 100% yields, whilst yield losses will remain in potatoes
and vegetables for longer. As such, in the earlier recovery years (e.g. years 2-3) of
CZs dominated with more salt-tolerant crops, gains in yield recovery may appear
to be more rapid than in later years. This is true for CZ1, where the greatest yield
losses were for more salt-tolerant crops, whereas in the other three zones, the great-
est losses were for more salt sensitive crops.

The more salt sensitive crops typical of our study region tend to have higher commer-
cial value. Such crops suffer more damage and have greater financial loss, exacerbating
the financial flood impact. When total output losses were converted to pounds sterling per
hectare of agricultural land flooded (over the entire recovery duration), the highest values
were found in CZ2 (£3,257 to £7,510 per ha), followed by CZ4 (£2,912 to £6,533 per
ha), then CZ3 (£2,867 to £6,380 per ha), with CZ1 having the lowest (£1,368 to £2,119).



TABLE 6.9

Total Yield Losses, Output Losses and Output Losses per ha over Full Soil Recovery Time for All 1-7 Years Salt Recovery

Time Scenarios (1-7 years)

Output Yield

Output

Losses(£) Losses (t)

Losses per

ha (£/ha)
over full

recovery
duration

Cz71
C72
CZ3
CZ4
C71
C7z2
CZ3
CZ4
CZ1
C72
CZ3
CZ4

Flood Year
31,778
66,051
30,671

108,336
2,684,625
9,608,181
4,183,383

15,264,116

1,368
3,257
2,867
2,912

No. of Years for Soils to Recover

2
31,825
66,659
30,879

109,515
2,689,932
9,680,736
4,209,929

15,409,027
1,371
3,282
2,885
2,940

3
36,095
85,991
38,691

141,675
3,236,549
13,823,189
5,919,917
21,675,166
1,650
4,687
4,057
4,135

4
36,959
95,112
42,109

157,041
3,458,680
15,853,098
6,746,154
24,737,134
1,763
5,375
4,623
4,719

5
37,863
104,271
45,550
172,522
3,690,058
17,921,588
7,589,012
27,865,800
1,881
6,076
5,200
5,316

6
38,985
113,442
49,041
187,819
3,916,679
20,013,414
8,439,952
31,013,861
1,996
6,785
5,783
5917

7
40,225
122,702
52,589
203,350
4,158,767
22,150,743
9,311,382
34,246,798
2,120
7,510
6,380
6,533
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This suggests CZ1, where grazing is more commonplace and there is less vegetable and
potato production, is a more resilient coastal zone to the long term impacts of flooding.

Finally, we turn to the impacts of coastal flood salinization on the wider agri-food
economy, drawing from the economic modelling results in Gould et al. (2020). It is
acknowledged that biophysical impact of flood salinization is not limited to farm-
land (crop yields) but will have cascading negative consequences both backward (e.g.
fertilizer, machinery suppliers) and forward (e.g. processing, distribution) along the
supply chain. Based on the outputs of the model, Table 6.10 reports the results of a
broader assessment of the impacts of a coastal flood salinization to the wider agri-
food economy based on the flood year data alone.

The results suggest significant economic losses; total job losses and GVA across
CZs is, respectively, approximately 944 and £69 million. Figure 6.8 summarizes the
disaggregated impacts by sector, displaying total impacts across CZs. This figure
shows that the greatest comparative losses are borne by food processing (£42 Million)
followed by direct farm impacts in terms of loss in total Gross Margins (GM). These
sectors similarly suffer higher losses in jobs; food processing jobs and direct farm
losses amount to 348 and 407 respectively.

These costs are expected to be even higher when other cost components are added,
e.g. environmental costs associated with salt-affected lands and the potential social cost
of impaired farm businesses. Saline agriculture, as an adaptation strategy, has the poten-
tial to ameliorate these impacts. Future studies could assess the magnitude of the benefits
afforded by saline agriculture adaptation. For example, increasing drought combined

TABLE 6.10

Wider Economy Impacts of Flood Salinization in Lincolnshire, UK: Jobs and
Costs to Gross Margins (GM) or Gross Value Added (GVA) throughout the
Food Value Chain

At Risk CZ1 Cz2 Cz3 Cz4 Total
Direct Farm Jobs 45 111 49 202 407
Impacts GM £1,341,985 £3,339,480 £1,482,514 £6,058,340  £12,222,319
Impacton  Jobs 5 23 10 34 72
Suppliers  GVA £287,134 £1,340,610 £577,601 £1,968,726  £4,174,071
Food Jobs 38 95 42 173 348
Processing  GVA £4,615,120 £11,484,552 £5,098,403 £20,834,779  £42,032,854
Food Jobs 10 24 11 44 89
Marketing GVA £859,198  £2,138,082  £949,171 £3,878,815 £7,825,266
Food Jobs 3 7 3 13 26
Logistics  GVA £256,614 £638,574 £283,486  £1,158,473 £2,337,147.00
Total Jobs 101 261 116 466 944
Jobs per ha 0.07 0.09 0.08 0.09 0.08
Direct Losses £ 7,360,050 £ 18,941,297 £8,391,175 £33,899,133  £68,591,655
Multipliers  Jobs 145 376 167 671 1359

GVA £10,598,472 £27,275468 £12,083,292 £48,814,752 £98,771,984
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FIGURE 6.8 Wider economy impacts of flood salinization in Lincolnshire, UK.

with projected sea-level rises will lead to more sustained threats from salinization and
create a sustained, long-term opportunity for salt-tolerant crop varieties.

6.5 CONCLUSION

This chapter provides an economic framework for risk assessment in regions where
salinity poses a significant threat to agricultural production and the local/national
economy. The chapter first reviewed the key literature on economic impacts of
salinization and presented a conceptual methodological framework that could be
applied to assessing such impacts, focusing on three typologies of salinization:
irrigation salinization, seepage salinization and flood salinization. We conceptu-
alized impact at different scales; farm-level, regional and wider economy scales.
We then applied the framework, first to estimate crop yield and financial losses
due to each salinity process. Subsequently, we scaled up the impact to regional or
wider levels using data on affected areas and information on crop composition and
distribution, where available. The analysis shows that there is significant economic
impact of salinization.

Further, we find that the magnitude of the impact of salinization critically depend
on a range of factors which include; the type of salinization process, the degree/
severity of salinity, the types (and value) of crops grown, farm-level decisions/
choices such as the use of salt-tolerant crops and other adaptation mechanisms as
well as external shocks such as sea-level rise due to climate change. These factors
may also be linked to spatial differences. For example, in a flood salinization case
study in Lincolnshire, we found marked differences in flood resilience and the con-
comitant economic impact of salinity across CZs. The case study empirical results
should provide is a “baseline” for economic costs of salinization that may inform
future assessment of the potential of adaptation measures such as saline farming.
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Although it is widely acknowledged that salinization poses a significant prob-
lem to agriculture and the European economy now and in the future under climate
change, there are limited data available on the extent and severity of salinization.
This hinders accurate assessments of the biophysical and economic impacts of salin-
ity and the potential for saline farming. Information on the economic risks and costs
of salinization would be important inputs into priority setting and the formulation of
policies aimed at building resilience to salinization in agricultural systems, including
development of saline agriculture. There is an urgent need, therefore, to strengthen
systems and mechanisms for monitoring soil salinity and associated risks.

ENDNOTES

1. There is a nuanced distinction between seed potato and potato for consumption. In this
paper, “potato” refers to potato for consumption.

2. These results are limited to the impact of seepage salinity scenarios investigated in the
study and do not suggest that seepage salinity is not a problem in the case study areas.
For example, there is anecdotal evidence of significant crop losses due to seepage salin-
ity in some regions of the Netherlands, particularly during the dry summers.
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7.1 INTRODUCTION

Although there is no agreement on a single definition of degraded land, research-
ers consider it to be land that has lost some degree of its natural productivity due to
human-caused processes (WRI 2018). Globally, salinity is regarded as one of the
most widespread causes of soil degradation. One of the promising adaptation mea-
sures to this pressure is saline agriculture, understood to be “profitable and improved
agricultural practices using saline land and saline irrigation water with the purpose
to achieve better production through the sustainable and integrated use of genetic
resources (plants, animals, fish, insects and microorganisms) avoiding expensive soil

DOI: 10.1201/9781003112327-7 115


https://doi.org/10.1201/9781003112327-7

116 Future of Sustainable Agriculture in Saline Environments

recovery measures” (Aslam et al. 2009; Ladeiro 2012). Our previous study (Negacz
et al. 2019) has shown that there are 420 Mha of saline soils in the world, of which
16 Mha have at least 500 mm of water available annually (including rainfall and
irrigation) that could be potentially used for agriculture. However, there is a lack of
a comprehensive overview of the economic potential of saline degraded lands. To
address this challenge, this study provides one of the first estimates of the economic
potential of saline degraded lands for food production.

One of the first assessments of global costs of salinity was proposed by
Ghassemi et al. (1995), who calculated that the global income loss due to salin-
ity was about 11.4 billion USD per year in irrigated agriculture and 1.2 billion
USD per year in non-irrigated areas. Further research focusing on the cost side
of agricultural production was conducted by Qadir et al. (2014) who presented a
comprehensive overview of costs of salinization. Other publications have often
adopted a case study approach resulting in economic values for specific regions
or sites (Kabir et al. 2018a,b,2017).

The main research question of this study is: what is the potential of saline degraded
lands for food production, given the growing knowledge on salt-tolerant crops? We
address it by estimating the economic values of saline degraded lands through the
ecosystem services valuation methods (being food provision in our case). Ecosystem
valuation helps in improved natural resource allocation by showing the full social
costs and benefits of goods and services provided by ecosystems (Van Beukering et
al. 2015). Providing an answer to our research question enables further exploration of
the total value of saline agriculture on the global level and assessing its impact on food
production.

7.2 RESEARCH METHODS

Food provision is an ecosystem service which allows applying direct market valu-
ation methods. For this project, three valuation methods were applied to obtain the
most comparable results.

7.2.1 META-ANALYSIS METHOD

Meta-analysis is a research method employing analysis of the data from independent
primary studies referring to a chosen topic (Koetse et al. 2015). As a first step of
the meta-analysis, we conducted an in-depth literature review to identify the data
sources for further investigation. This revealed that the literature addressing salini-
zation potential could be categorized into three groups: (1) evaluating geophysical
properties and processes including climate, (2) studies looking at salinity effects
on plants and (3) salinity management techniques based on case studies. Articles
including valuation appeared rarely. Secondly, we identified studies which report the
added value of saline agriculture, operationalized as additional income or profit, for
the most salinized areas on each continent. Studies on aquaculture, saline pastures,
biofuels, halophytes and greenhouse experiments were excluded as they address dif-
ferent markets. As a result, we selected six studies for further comparison. Third, the
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values reported in each study were converted to USD per hectare and adjusted for
inflation with 2019 as the reference year. Finally, the average value was calculated
based on the chosen studies. The average added value per hectare was multiplied by
16 Mha, a total surface area of saline degraded lands with an EC, =4 dS/m and with
water availability over 500 mm annually (Negacz et al. 2019). Soil salinity is usually
expressed as the electrical conductivity of the saturation extract of the soil (the EC,)
expressed in dS/m (UoC 2020).

7.2.2 Cost-BAseD METHOD

The cost-based valuation was derived from values obtained in the meta-analysis done
by Qadir et al. (2014). This study involved 14 articles reporting costs of salinization.
The reported costs of saline land degradation were mostly crop yield losses, in terms
of biophysical output (e.g. t/ha) and/or in monetary terms (e.g. USD per hectare). The
costs included in that analysis were opportunity costs, production losses, replace-
ment costs, transaction costs, market prices for required services and mitigation
costs (Qadir et al. 2014). Building on these results, we adjusted the average cost for
inflation with 2019 as the reference year. Similarly, as for added value, the average
cost per hectare was multiplied by 16 Mha, the total surface area of saline degraded
lands with an EC, above 4 dS/m and with water availability over 500 mm annually
(Negacz et al. 2019).

7.2.3  MARKET PrRICES METHOD

The market price method uses the prices of goods on markets to determine the
value of ecosystem services, which in this case is food provision through saline
agriculture. This method focuses on the quantity (Q) and quality of goods, rep-
resented as a field composition in our case (w). We present the value as revenue
(R) which equals the quantity of the production multiplied by the price (P): R=Q
x P. Since the costs of saline agriculture are rarely reported, the costs could not
be calculated. The process was: first, to determine the quantity we selected six
conventional vegetable crops (potatoes, carrot, onion, lettuce, cabbage and bar-
ley) of which varieties exist that show good yield potential at the salinity levels
relevant to this study (de Vos et al. 2016). The yields of these crops were obtained
from FAOSTAT (2018). Second, we established a composition on our hypotheti-
cal global field (share of the crops on 1 ha). Based on FAOSTAT, we assigned
a global area of cultivation per crop. Further, we allocated the corresponding
weights to the crops (Wl to w6). Third, we derived average producer prices per
ton for each crop based on available data in FAOSTAT. Fourth, we calculated the
total revenue (TR) according to the equation: TR = (q; X w; X p)) + ... + (q¢ X Wg X Pg)-
The calculations are presented in Table 7.1. The total revenue was multiplied by
16 Mha, the total surface area of saline degraded lands above ECe 4 dS/m with
water availability over 500 mm annually (Negacz et al. 2019). Based on the total
revenue, we calculated the revenue with 90% and 50% yield resulting from the
impact of salinity.
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TABLE 7.1
Calculations for the Global Revenue Based on the Market Prices (in USD)

Share in Global Area Yield (t/ha) (q) Revenue
Yields of Cultivation for Six ~Adjusted per Prices (p) Revenue per  Scaled
Crop (t/ha) (@) Analyzed Crops (w)  Weight (w)  (USD/t) Crop (@ xp) (qxwxp)

Potatoes 21 0.23 4.89 423 8859 2066
Carrot 35 0.02 0.53 667 23573 354
Onion 19 0.07 1.28 492 9438 631
Lettuce 21 0.02 0.36 1399 30024 506
Cabbage 29 0.03 0.92 561 16128 516
Barley 3 0.64 1.88 283 834 531

Total average yield per 9.86 Total revenue 4604

hectare per hectare

7.3 RESULTS
7.3.1  META-ANALYSIS

Our meta-analysis revealed that economic analysis of saline agriculture is scarce.
While studies often report changes in yields, they rarely refer to economic catego-
ries, such as cost, revenues and profits. Table 7.2 presents six studies from four con-
tinents which allow the calculation of an average added value (income or profit)
per hectare. They range from 209 to 654 USD, with the Australian case being an
outlier; in this example, a calculation was made of the benefits of saline agriculture
to a hypothetical farm that also grew other crops and pastures. Across all cases, the
average added value per hectare was 383 USD.

TABLE 7.2
Meta-analysis of the Added Value of Saline Agriculture

Area Studied Calculated Added Value

Author Year Country (hectare) per Hectare in 2019 (USD)
Lefkoff and Gorelick (1990) 1990 USA 820 396
Wang et al. (2013) 2013 China 367 570
De Vos et al. (2021) 2021 Bangladesh n.a. 209
Vyshpolsky et al. (2008) 2008 Kazakhstan 3 654
Ali et al. (2001) 2001 Egypt 400 227
Khan et al. (2003) 2003 Australia 306 239
Average 383

The average value added per hectare multiplied by the global area of saline soils
above ECe 4 dS/m with water availability of 500 mm per year (16 Mha) gave a total
of 6 billion USD of potential value-added per year.
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7.3.2 CosTt-BASED VALUATION

A recent comprehensive meta-analysis on the costs of salinization has been con-
ducted by Qadir et al. (2014). These authors estimated an inflation-adjusted cost of
salt-induced land degradation in 2013 as 441 per hectare. This estimate adjusted for
inflation in 2019 equals 497 USD per hectare. For a total area of 16 Mha saline soils,
this equals 8 billion USD of costs for salt-induced land degradation. The analysis of
costs shows that preventing salinization would result in considerable savings, com-
ing from avoidance of yield loss, mitigation and opportunity costs understood as the
value of the trade-off when a decision is made. It may be also considered as an extra
income that would remain if the soils were not saline.

7.3.3  MARKET PRICES

Based on crop yields from FAO sources and current market prices we estimated rev-
enue for 16 Mha. The total revenue from this land assuming 100% yield would be
74 billion USD per year. Decreasing yields by 50% or 90% would decrease revenues
by 37 or 66 billion USD per year, respectively. These results suggest a large revenue
potential, which needs to be contrasted with costs of implementing saline agriculture
on items such as seeds and fertilizers. However, no information on these was identified.

In summary, the global economic potential of saline agriculture can be presented
as three values shown in Table 7.3.

TABLE 7.3

Comparison of Economic Valuation of Saline Agriculture

Method Value for 16 Mha in billion USD
Meta-analysis value (added value) 6

Cost-based value (total costs) 8

Market price (revenue) 37-66

These aggregate numbers obtained through different methods show that saline agri-
culture can be a source of benefits, not only expenses, which we discuss in Section 7.4.

7.4 DISCUSSION

This discussion focuses on three general themes, the threshold of added value per
hectare, costs included in the cost-based valuation and several challenges in the mar-
ket price analysis.

7.4.1  INCONSISTENT AGREEMENT

A lack of articles including economic valuation of the potential of saline degraded
lands turned out to be a major issue for our meta-analysis. The available publica-
tions are usually inconsistent in terms of the metrics used and they apply diverse
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approaches to estimating costs and benefits. This made it especially difficult to bring
the reported values to a common denominator and resulted in some more general
statements (e.g. measuring added value instead of profit). However, among all the
diverse values and methods, there was a certain agreement when it came to the added
value of saline agriculture per hectare. The values varied between ~200 and 600
USD depending on the country. We excluded from the analysis a study with 76,000
USD per hectare from United Arab Emirates (Robertson et al. 2019), as it focused on
halophytes which have a different market and considerably higher prices than other
crops. Lastly, we also decided to exclude studies which provided values for biofuels,
pastures, forage and aquaculture, as all these involved different markets.

7.4.2 CosTs OF NOT APPLYING SALINE AGRICULTURE

The cost-avoided valuation method in case of saline agriculture can bring highly
diverse results based on the inputs, and whether irrigated or non-irrigated land is
considered. Amongst others, the costs included by Qadir et al. (2014) were oppor-
tunity costs (forgone agricultural income or alternative activities), production losses
(crop response function to salt level), replacement costs (preventing and repairing
land degradation), transaction costs (costs of developing and implementing four land
and water management plans), market prices (groundwater recharge credits trading,
land rents) and mitigation costs (desalination plant). All these cost categories vary
in order of magnitude and the solutions that apply. Further studies could produce
estimates based on different cost categories. In terms of irrigated and non-irrigated
areas, according to the UNCCD Global Land Outlook report on Food Security and
Agriculture, at least 20% of irrigated lands are salt-affected and this number may
increase to 50% by 2050, (UNCCD 2017). The average cost suggested by FAO is
245 USD per hectare (inflation-adjusted 255 USD per hectare), which would result
in 4 billion USD of costs globally when extended over 16 Mha. For both costs and
benefits, it would be beneficial to calculate them for different salinity classes as each
level of salinity has its own economics. However, a current level of data availability
and granularity does not allow for more in-depth analysis.

7.4.3 MARKET PRICES

Our analysis produced an average revenue per hectare, taking into account crop
yields, their response to salinity and the market prices of six selected crops. The
crop selection and field composition would vary considerably per country, therefore
we scaled it to the global area used for each crop cultivation. Similarly, the pro-
ducer (off-farm) prices are country-specific. Therefore, the international prices and
produce quantity resulting from field composition indicate more a direction than a
specific number. However, revenues represent only one side of the equation. The
costs of implementing saline agriculture on a scale beyond experiments or pilots
are presently unknown. The costs of seeds and fertilizers and initial investments in
equipment and training led by a multidisciplinary team would vary greatly between
locations and amongst crops.



Cost or Benefit? Estimating Global Economic Potential of Saline Agriculture 121

7.4.4 NON-MONETARY VALUES

Finally, very few studies refer to the non-monetary values of improved agri-
culture in degraded environments for local communities and the environment.
These values, often included in ecosystem service valuations, could add to the
full picture and potential of saline agriculture. Examples of the studies which
pioneer in this regard are the work of Kabir (2016) and de Vos et al. (2021) pre-
sented in this book. Including indirect values such as social and environmental
costs and benefits in the analysis could be an interesting direction for future
research.

7.8 CONCLUSION

This study aimed to investigate the economic value of saline degraded lands based
on three valuation methods. Our analysis has confirmed that the values vary con-
siderably between countries, but certain trends can be seen. The potential added
value from applying saline agriculture and current costs borne due to salinization are
relatively similar, ranging between 200 and 650 USD per hectare. Most of the past
studies have focused on the high costs induced by salinity, including loss of yield,
additional soil treatment costs and forgone opportunity costs. However, the evidence
from the research included in the meta-analysis suggests that profits can be obtained
thanks to the cultivation of salt-tolerant crops. Finally, potential revenues can be
calculated based on average yields and prices.

Further research should focus on the costs of saline agriculture application
beyond trials and pilots. To get more insight into projects’ feasibility and profitabil-
ity, we recommend collecting more precise financial data on fixed and variable costs,
and benefits, including non-direct values. These could be obtained through a survey
among the stakeholders to assess social and environmental costs and benefits, as well
as the willingness to pay for the necessary investments, saline agriculture’s products
or accept the changing environment.

Since the potential of salt-tolerant crops cultivation seems evident, it is important
to enumerate reasons why it is not yet widespread. These include a lack of knowledge
and understanding of soil and water management methods, varying costs and condi-
tions among the countries, lack of focus on salt-tolerant varieties among the breed-
ers, difficulties with knowledge transfer to farmers living in remote areas, and the
lack of financing for initial saline agriculture investments. The means to overcome
these obstacles should be explored in future studies.

The results of this research project offer one of the first estimates of economic
potential that could be useful for various groups of stakeholders. For policymakers,
it shows that the cultivation of salt-tolerant crops can be part of the answer to food
security issues at a local, regional and global scale. The use of saline degraded soils
allows for the cultivation of previously empty lands and may help to prevent land-use
change in other areas, which may have higher biodiversity or provide other ecosys-
tem services. Saline agriculture may be also a way to diversify the farmers’ portfolio,
innovate and obtain additional financial resources.
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8.1 INTRODUCTION

Populations living in deltas (low-lying coastal floodplains of the world’s major riv-
ers) are increasingly vulnerable to risks from tropical cyclones, coastal floods, storm
surges, sea-level rise (SLR), salinity, shoreline erosion and accretion, and pollution
(IPCC 2014; Barbier 2015). Agriculture in delta landscapes is particularly vulner-
able to climate change. The Intergovernmental Panel on Climate Change (IPCC) has
indicated that in South Asia, agricultural crop yield could be reduced by up to 30%
by 2050 because of a changed climate (IPCC 2014).

Bangladesh is located in the tropical zone and is highly prone to natural disas-
ters like riverine and tidal floods, tropical cyclones, storm surges, heat stress, hail-
storms, lightning strikes, drought, SLR, and salinity intrusion on land and in water
(Rasid and Paul 2013). The coastal community of Bangladesh is highly dependent
on agricultural production from crops, fish, and livestock. Local climatic factors
are favorable for a wide range of crop cultivation and production in coastal areas
(Uddin et al. 2019). However, recent studies have revealed that extreme climate
events (e.g., coastal floods, cyclones, storm surges, and SLR) are increasing every
year, devastating lives and livelihoods, and decreasing agricultural production in
