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ABSTRACT

This study examines the impacts of increased salinity on agricultural productivity and groundwater
use for irrigation with the aim to cope with overexploitation associated with potential climate change
impacts. For this purpose, a farmers’ field survey was conducted at a pilot plain with banana plantations
partially irrigated with saline groundwater. The economic burden of increased salinity was examined
using a crop-water production function relating water salinity and yield with production cost and selling
prices. Current production rates in low salinity plots were greater than those in high salinity plots by
an average of 25%, representing the salinity burden incurred by farmers. We close with highlighting
mitigation measures and adaptation strategies under potential future climatic changes that are expected
to exacerbate irrigation with high salinity groundwater.
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1 INTRODUCTION

The vulnerability of coastal groundwater resources to saltwater intrusion has evolved to become
a challenge of global proportions with the Mediterranean and South-Atlantic coastal aquifers
being highly affected [1]. The situation is more critical in arid and semi-arid climatic regions such
as the Eastern Mediterranean, where freshwater resources are limited in comparison with continu-
ously increasing water demand [2, 3]. Overexploitation and mismanagement increased the
potential of saltwater intrusion, which can negatively affect agricultural yield of coastal crops
and plantations through the accumulation of salts causing adverse effects on soils and plants.

Soil salinity reduces water infiltration rates reflected by the breakdown of soil aggregates
and the dispersion and swelling of clay minerals that result in poor crop establishment. More-
over, groundwater salinization increases the presence of salts in the root zone, which exerts
an osmotic effect on plants forcing them to spend more energy to extract water from the soil
and hence consuming this energy instead of using it for growth, flowering or fruiting and
thus, the plant’s ability to grow is stunted [4]. Increased salinity also reduces plant growth and
yield through ion toxicity, defined by an accumulation of Na* and CI ions [5, 6], which
employ competitive interactions with other nutrient ions (e.g. K*, NO;", H,PO,") for binding
sites and transport proteins in root cells causing nutrient imbalance in plants. Ion toxicity
affects crop production directly as diminished nutritional relations (Ca** /Na* and K*/Na*)
decrease the crop’s economic and nutritional value due to reduced fruit size and shelf life,
non-uniform fruit shape, and decreased vitamin content [7].

The physiological impacts of salinity on soils and crops/plants, the loss in crop/plant yield
and the decreased quality of crops/plants reduce the economic attractiveness of salt-sensitive
coastal crops [8—10] that have low tolerance for salts. In this context, this study attempts to
assess the impacts of saltwater intrusion on agricultural productivity with associated
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economic implications highlighting mitigation measures and adaptation strategies under
potential future climatic changes.

2 METHODS

A farmers’ field survey, economic assessment, and development of a mitigation / adaptation
framework were conducted at a coastal agricultural area along the Eastern Mediterranean in
Lebanon (Fig. 1). The pilot area, which relies partially on groundwater resources for crop /
plant irrigation, was selected based on field screening surveys involving multiple site visits,
interviews with key informants, and water quality data ascertaining the occurrence of saltwater
intrusion due to groundwater overexploitation and potential climate change impacts [8]. The
main plantation grown in the area consists of banana, which is salt-sensitive and susceptible
to the effects of irrigation with saline water [12—14].

2.1 Farmers’ Field Survey

The impacts of saltwater intrusion on agricultural production and crop yield were assessed using
a field survey questionnaire administered to farmers through a one on one interview process to
collect information related to (a) wells (number per plot, elevation and depth, frequency of use,
water quality perception), (b) banana production yield and selling prices, (c) irrigation (methods
used, frequency, sources, expenditure) and (d) fertilizer (type, quantity, expenditure).

2.2 Economic Assessment
The adverse effect of groundwater salinity on crop yield is translated into an economic burden

on farmers, which can be assessed using a crop-water production function that relates water
salinity and crop yield coupled with the production cost and selling prices of banana obtained
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Figure 1: Pilot study area with location of irrigation wells.
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through the farmers’ questionnaires as expressed in equation (1). Two salinity groups were
established based on farmers irrigating with water at EC < 1 dS/m (low salinity group) and
farmers irrigating with water at EC, > 1 dS/m (high salinity group).

N,=T,-P:T,=YxS;P =L +GW +SW_+F_+I (1)

where N_ = Net revenue ($/m?/yr); T, = Total revenue ($/m?/yr); P, = Production cost ($/m%
y1); Y, Banana yield (kg/m?/yr); S = Selling price of banana ($/kg) L_ = Labor cost ($/m%
yr); GW Groundwater extractlon cost ($/m?/yr) (diesel, electricity & maintenance); SW
= Surface water cost ($/m?/yr) (subscription tariff); F_ = Fertilizer cost ($/m?/yr) (mineral and
organic); I, = Irrigation cost ($/m?/yr) (drip and sprinkler systems).

Additionally, the Ayers & Westcot [15] model (eqn 2) that links banana yields to soil salinity
(EC) was used whereby EC_ values were calculated from measured groundwater salinity
(EC,) levels as expressed in equatlon (2a). The model predicts that the maximum banana yield
happens when EC_ is < 1 dS/m) with values > 1 dS/m inducing production losses reaching a
100% decrease when EC exceeds 6.4 dS/m (Table 1).

Y = 100 - b (EC, - a); EC, = 1.5 x EC,, )

where Y = Banana yield (%); a = Salinity threshold value (ds/m) = 0.73 for banana [16]; and
b =Yield loss per unit increase in soil salinity (%) = 27.8% for banana [16].

2.3 Mitigation and Adaptation Framework

A framework for mitigation measures and adaptation strategies was developed in an effort to
minimize saltwater intrusion and/or cope with increased salinity particularly in the context of
future climate change impacts when salinities are expected to increase. The framework dis-
cusses the institutions responsible within the water sector, as pertaining to groundwater
management and protection. Local and wider-scale measures are outlined with technical,
financial and administrative constraints. Adaptation strategies and common irrigation man-
agement practices pertaining to agricultural productivity are equally presented under potential
future climatic changes.

3 RESULTS AND DISCUSSIONS
3.1 Farmers’ Field Survey

A total of 39 questionnaires were administered through the one-on-one interview process
with farmers. The land plots in the study area varied in size with an average of ~100,000 m?

Table 1: Salinity impact of banana yield.

Potential Yield EC, EC,
(%) (dS/m) (dS/m)
100 0.7 1.0

90 1.1 1.6

75 1.6 2.4

50 2.5 3.8

0 43 6.4
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Table 2: Descriptive statistics for plot properties.

Property Minimum Maximum Average
Total plot size (m?) 1,300 1,000,000 100,000
Total area of banana grown (m?) 250 350,000 40,030
Number of wells per plot 1 6 1.7
Well elevation (m, above sea level) 1.3 171.6 37.1
Well depth (m) 6 450 123.3

(Table 2). Each plot had at least one well (54.7%), with 45.3% having two or more wells.
The wells were located at an elevation ranging between 1.3 and 171.6 m above sea level,
averaging at ~37 m. Well depths ranged from 6 m to 450 m with an average of 123 m. While
the main source of irrigation for banana is groundwater from wells located at the plots (53.8%
of famers), more than 42% of farmers used a regional irrigation project in conjunction with
well water for irrigation purposes and only 1.9% relied exclusively on surface water. Average
irrigation time was around 4 hours a day with the surface water received through the regional
irrigation project being heavily subsidized at a tariff based on the size of the cultivated land
(average of 0.03 USD/m?/year) instead of actual volume used [17,18], which encourages
water wastage with less commitment to conservation measures. While no tariff imposed on
groundwater with most wells being unlicensed/unregulated, farmers still incur expenses
associated with water extraction (pump maintenance and electricity or fuel for operating
private generators). Combining the costs pertaining to pump maintenance, electricity and
diesel fuel costs, the average cost of providing water from wells over the irrigation season
(starting in May and ending with the first rain of the fall-winter season) reaches ~0.38 USD/
m?/year, nearly 13 folds of the governmental surface water tariff.

Banana production in the region is a dominant trade with a strong year-round season and a
variety of bananas grown. According to the field survey interviews, 51% of bananas grown
are of the Dwarf Cavendish (DC) group with 27.5% of farmers growing both DC and Giant
Cavendish (GC) groups simultaneously. The average land size that is grown with banana in
the pilot area was around 40,000 m?, with an average production yield of 7 kg/m?. The trade
season begins in October for a high cost of 1.2 USD/kg that drops by April to reach a low of
0.3 USD/kg because of high production.

3.2 Economic Implications

When revenue was compared across the two salinity groups, the low salinity group (n = 21;
EC,, < 1dS/m) had a greater revenue than the high salinity group (n = 18; EC_ > 1 dS/m), by
~2.5 USD/m?/year, representing the monetary burden incurred by farmers due to increased
salinity. Soil conditions and the physiological nature of banana are factors that could poten-
tially influence the effect of salinity on its production. Moreover, the use of fresh surface
water from the regional irrigation project in conjunction with well water is also expected to
reduce the effects of saline groundwater on yields and revenues. As salinity levels continue to
rise, their impact on banana production will become more pronounced.

The maximum yield in the study area was set at ~7.4 kg/m?, which is the average yield
reported by farmers cultivating under optimal conditions for banana growth (i.e. yield of
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farmers with EC less than 1 dS/m). Overall, the maximum crop yield in the pilot area is
close to the national yield that averages 8 kg/m? [16]. On the other hand, the yield at farms
with EC exceeding 1 dS/m was around 5.6 kg/m?. This signifies a yield decrease of approxi-
mately 25% ata corresponding EC  of about 2.4 dS/m (Table 1). In comparison to surrounding
coastal areas in the MENA region, the reported yields are considered above average when
compared to yields reported in dryer surrounding climates such as Egypt (3.9 kg/m?) [17],
Oman (2.3 kg/m?) [21] and Jordan (1 kg/m?) [22]. Evidently, current yields will be signifi-
cantly affected if salinity levels continue to rise. For instance, current EC, levels along the
same coast less than 30 kms to the North, exceeded 16 dS/m as a result of overexploitation
and mismanagement of groundwater resources [11]. If such levels reach the pilot area, the
plantation of bananas will be economically non-viable. Under such a scenario, farmers will
have to switch towards more salt-tolerant crops as was the case in the Al-Batinah region of
Oman, whereby banana crops were replaced by salt-tolerant tomato varieties, when EC, val-
ues ranged between 2.5 and 7.5 dS/m [9].

3.3 Mitigation and Adaptation Framework

Within the context of saltwater intrusion, effective mitigation measures to reduce induced
effects of groundwater overexploitation are imperative alongside adaptation strategies that
involve the recognition of potential climate change impacts that are already occurring and
will continue into the future requiring pre-planning to protect ecosystems from potential
negative impacts [23]. In fact, the vulnerability of water resources to climate change impacts
has been at the forefront of global climate change research. These impacts are reflected in
many regions including the study area by an increase in temperature and a decrease in pre-
cipitation leading to an overall increase in the net demand for water [24]. Groundwater
resources along coastal zones are particularly vulnerable in this context because of decreased
aquifer recharge (lower precipitation) and increased water demand (higher temperature),
resulting in greater groundwater abstraction and saltwater intrusion [25], potentially exacer-
bated by sea level rise (SLR) also associated with climate change (Fig. 2).

Naturally, the main apparent measure to control saltwater intrusion is the reduction of
abstraction rates from irrigation wells, which can be achieved within an integrated framework
under the governance of existing institutions towards protecting groundwater resources
(Table 3). The framework encompasses physical control methods coupled with management
activities, economic incentives and regulatory enforcement while considering constraints at
various levels: technical, financial, as well administrative and institutional.

While mitigation measures have been at the forefront of various policy and management
decisions, it has become increasingly evident that mitigation alone cannot be an effective
strategy to limit the vulnerability to the causes and consequences of saltwater intrusion.
Adaptation strategies, in synergy with mitigation measures, have become an inevitable part
of the planning, policies and discussion procedures concerned with salinity management
[26]. Such strategies encompass initiatives to reduce the susceptibility of natural and human
systems against actual or expected climate change impacts [23]. In the context of adapting to
saltwater intrusion, those may include relocating wells inland, changing land use patterns by
switching to more salt-tolerant crops, and managing irrigation patterns to improve water use
and enhance drainage and leaching of salts [27-29]. Within the study framework, the common
agricultural practices that are followed in the pilot area include various on-farm irrigation
management that improve crop-water relations, especially with respect to salinity management
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Figure 2: Dynamics of saltwater intrusion with potential climate change impacts.

such as the use of fertigation via drip irrigation, leaching of salts, and conjunctive use of
groundwater and surface water. These practices are considered as adaptations measures that
farmers tend to adopt independently to face aquifer salinization.

Fertigation via drip irrigation systems has proven to be an effective irrigation method to
control salinity in soils by applying water precisely and uniformly at high frequencies, poten-
tially increasing the yield and reducing root-zone soil salinity and drainage [38], thus
providing improved disease management since only the soil is wetted whereas the leaf sur-
face stays dry [39]. By supplying dissolved fertilizer to crops through an irrigation system,
the nutrient-water relationship is more balanced to improve yield, save labor, and reduce
compaction in the field resulting in the rapid and uniform uptake of nutrients by plants [40].
However, the initial installation cost for drip irrigation systems is high, with capital invest-
ment in the pilot area reaching 1.20 USD/m?/year. Moreover, if poorly managed, salt
accumulation may still occur between drip emitters, therefore it is advisable to design drip
irrigation systems with closely spaced emitters and provide adequate leaching of salts. The
latter is an effective method of adapting to increased soil salinity through excessive applica-
tion of water to keep salts, which have accumulated in the soil, in soluble form and flush them
below the crop root zone to maintain productivity [41]. Mostly, rainfall provides adequate
leaching, as is the case in the pilot area. However, farmers tend to practice leaching via their
scheduled irrigation patterns. For instance, in the pilot area, farmers have claimed to practice
leaching every other time fertigation is performed, meaning that every time fertilizers are
passed in the drip irrigation system, the next irrigation is without fertilizers, thus accumulated
salts in the soil (from the irrigation water or from fertilizer residues) are flushed. Equally
important is the conjunctive use of groundwater and surface water resources, which is con-
sidered a strategic approach to reduce the susceptibility of crops to salinity (Fig. 3).
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Table 3: Framework for controlling saltwater intrusion.

Common physical methods

Constraints [27, 30-33]

Subsurface barriers

— Defined as underground semi-im-
pervious or impervious structures
constructed in coastal aquifers

—  Simultaneously impedes inland in-
filtration of saltwater and increases
groundwater storage capacity of an
aquifer

Artificial recharge through injections

wells

—  Surface water is artificially made to
infiltrate into the ground, common-
ly at rates and quantities greater
than natural recharge

— Provides artificial recharge of
confined aquifers and is effective
in the case of highly fractured hard
rocks and karstic limestone

High construction costs
Procedural difficulties of political, social,
and economic nature

Problematic for arid and semi-arid regions
with unavailability of adequate surface
water in quantity and quality

High capital, and operation and mainte-
nance costs

Efficacy is minimized for karstic highly
fractured aquifers

Management activities

Constraints [34-37]

Regulating groundwater exploitation

— Reduction of pumping rates
through tariff restructuring, meter-
ing water wells, and enforcing
penalties for over-exploitation

Monitoring groundwater quality

—  Establishing monitoring stations
with regular testing for water qual-
ity parameters relevant to salinity

Regulating well permits and licensing

— Introduction of controls over the
import of pumps and drilling
equipment

Rehabilitating/modernizing irrigation

systems

—  Shifting from gravity-fed irrigation
to pressurized systems using on-
farm irrigation systems (e.g. drip
irrigation)

Technical

Insufficient number of skilled staff due

to lack of up-to-date training and limited
equipment for routine maintenance, mea-
surement or monitoring of water supply and
quality

Lack of implementation of modern irriga-
tion and water-saving technologies

Financial

Deficient allocation of resources for proper
maintenance and rehabilitation of irrigation
water supply and distribution systems
Inadequate collection of fees from consum-
ers leading to poor financial management in
water establishments

Administrative & Institutional

Lack of coordination between regulatory en-
tities (ministries) and water establishments
Lack of regulatory enforcement regarding
water use and distribution

Lack of political will in regulating and
implementing well permits and payment of
fines
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Conjunctive use of groundwater and surface water for irrigated agriculture
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Figure 3: Benefits of conjunctive use for framework implementation.

Conjunctive use of groundwater and surface water (via canals) is critical at stages of crop/
plant growth, such as the shooting period for bananas. By increasing the precision of water
delivery and reducing soil-water logging and salinization, water productivity is increased
significantly and salinity problems in shallow aquifers are reduced, leading to an increase in
agricultural productivity [42].

4 CONCLUSION

This study demonstrated through a farmers’ field questionnaire (n = 39) and reported ground-
water quality that production yield of banana plantation along the Eastern Mediterranean in
alow salinity group (n=21; EC <1 dS/m) was higher than in the high salinity group (n=18;
EC, > 1 dS/m) by nearly 25% (~2.5 USD/m?/year), representing the burden of salinity on
farmers. Indirect adaptation measures practiced by the farmers encompassing fertigation via
drip irrigation, leaching of salts and the conjunctive use of groundwater and surface water,
minimized the impact on banana production yield at the encountered level of salinity. Current
yields can be significantly affected if salinity levels continue to rise to the extent that the
plantation of bananas can become economically non-viable forcing farmers to switch towards
more salt-tolerant crops. Saltwater intrusion is expected to increase with climate change due
to a projected decrease in precipitation and groundwater recharge, and an increase in water
demand leading to further groundwater abstraction during the summer months in particular.
The combination of adaptation strategies and methods of banana cultivation (multiple varieties,
single and high-density planting techniques) suggest that production can be governed by
agricultural and irrigation practices implemented by farmers. The cumulative effects of climate
change, particularly decreased precipitation patterns, increase sea level rise and increase in
water demand (high abstraction rates), are predicted to aggravate saltwater intrusion with
related impacts justifying the adoption of early measures to protect groundwater exploitation.
In this context, regulatory tools emphasizing tariff restructuring and well permitting are vital
to ensure sustainability.
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