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a b s t r a c t

Spate irrigation is a floodwater harvesting and management system. In the Wadi Laba

(ephemeral stream) spate irrigation system, unpredictable and potentially destructive

floods are currently the only source of irrigation water used to grow sorghum (Sorghum

bicolor) and maize (Zea mays) on about 2600 ha. From about 1900 to 2000, farmers harnessed

floods with indigenous brushwood and earthen dams. Large floods (>100 m3/s) frequently

damaged the structures. In 2000, the Government of Eritrea installed a concrete headwork.

The objective was to divert large floods of up to 265 m3/s and to irrigate annually all the Wadi

Laba fields thereby doubling production. This was done without considering the potential

salinity problems. In 2002 and 2003, we determined the salinity of the floodwaters and found

that it increased with the flood discharges. For floods that exceed 100 m3/s, the average

rootzone salinities, estimated for leaching fractions ranging from 0.1 to 0.3, could result in

yield reductions; particularly for maize the yield reduction ranges from 30 to 100%. The main

conclusion to be drawn from the study is that the water management reforms cannot double

crop production (especially of maize) unless the management and allocations of floodwaters

takes into account the need to control soil salinity.
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1. Introduction

Spate irrigation is locally known as Jerif in Eritrea. In the

context of Eritrea, spate irrigation can be defined as a method

that directs large quantities of floodwater induced by rainfall

in the upper catchments, which is emitted through wadis

(ephemeral streams) to irrigate fields in the low-lying areas

(Mehari et al., 2005a). Spate irrigation requires mountainous or

hilly topography that generates the runoff and adjacent low-

lying fields with deep soils that are able to store ample water

for the crops during the periods with no rain (Mehari et al.,

2005a; Van Steenbergen, 1997). Spate irrigation is a pre-

planting system, where the flood season precedes the crop

production period. In most spate irrigation systems in Eritrea

the major floods occur between June and September, which is

the time of heavy rainfall in the upper catchments, and crop
* Correspondence to: P.O. Box 3015, 2601 DA Delft, The Netherlands. T
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growth takes place between October and April completely

depending on the water stored in the soil (Mehari et al., 2005a).

There are no archaeological findings or artifacts that could

with certainty answer the question: when did spate irrigation

start in Eritrea? Based on interviews with elderly farmers,

however, it can be deduced that the Yemenis introduced the

system around 100 years ago (Mehari et al., 2005b). Although

spate irrigation is believed to be the oldest among the

irrigation systems in Eritrea, it is the least understood system

among many irrigation experts and other scholars in the

country. Spate irrigation is not taught as a separate subject in

the University of Asmara – the only university in Eritrea – it is

only briefly mentioned in the introductory irrigation courses.

In Eritrea, there are 11 spate irrigation systems that cover

about 56% of the 28,000 ha currently under irrigation, and

nearly 35% of the estimated 300,000 ha of potential irrigable
el.: +31 15 2151 880; fax: +31 15 2122 921.
org (A. Mehari).
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land (International Fund for Agricultural Development, 1995).

They are the major sources of food production for about 20% of

the rural poor communities that make up 80% of the 4.5

million population of Eritrea. In spate irrigation systems,

uncertainties and risks are a given. Uncertainties include the

timing, volume and duration of the floodwater, and the risks to

crop production include the destructive nature of floods.

These risks and uncertainties are a particular concern in

Eritrea. Unlike the spate irrigation systems in many other

countries where conjunctive use of floodwater and ground-

water is practiced, in all the spate irrigation systems in Eritrea

the sole source of irrigation is floodwater. Groundwater is only

abstracted from a few scattered wells along the banks of the

Wadi Laba for drinking water. Some of these wells produce

saline water (>3 dS/m), whereas others do not (<1 dS/m).

Groundwater resources have not yet been studied and

consequently there is no reliable estimate of their potential

(quality and quantity). Moreover, rainfall has a negligible

contribution for crop production. The mean annual rainfall in

all spate-irrigated areas is estimated at less than 150 mm

(Halcrow, 1997). The rainfall is highly erratic and mainly

occurs between December and March, which is the late season

and harvest time for sorghum (Sorghum bicolor) and maize (Zea

mays)—the major crops grown under spate irrigation.

For the past 100 years, the farmers have relied on

indigenous brushwood, earthen and stone structures, locally

known as Agims and Musghas, to divert and distribute the

floodwaters to their low-lying fields. Agims divert and

distribute water from the wadi to the main and secondary

canals; musghas distribute water to the tertiary canals and

fields (Mehari et al., 2005c). Weir type and deflector type bunds

were the two commonly used water diversion structures. In

the weir type bund, an Agim is constructed almost perpendi-

cular to the wadi banks, extending over the whole width to

divert the entire flow. In the deflector type, a 30–60 m long

Agim is extended in the wadi parallel to the flow to divert part

of the flow (Mehari et al., 2005c). At field level, the floodwater is

conveyed from head to tail end and from field-to-field. In Wadi

Laba, the fields have no individual intakes, but 400–600 ha

upstream and midstream, as well as midstream and down-

stream areas share a common intake.

Given the destructive nature of the floods, timely main-

tenance and rehabilitation of the Agims and Musghas is vital in

the indigenous spate irrigation systems: without it there may

simply not be irrigation in the next year. To cope with these

challenges, the farmers established effective organizations

and introduced a collective water management approach

guided by customary rights and rules. They have not, however,

been fully successful in mitigating the unpredictability and

uncertainty of the floods. Medium (25–50 m3/s) and larger

floods have frequently damaged their structures resulting in

tremendous water losses. As a result, good and bad production

years occurred and most of the farming households have

remained poor.

In 2000, in an effort to improve production and farmers

livelihood, the Government of Eritrea, with financial and

technical assistance from the International Fund for Agri-

cultural Development (IFAD), replaced the main Agims and

Musghas of the Wadi Laba spate irrigation system with more

permanent and stronger concrete and gabion headworks.
Among the specific targets were to minimize the failure of the

indigenous structures, to divert larger floods up to 265 m3/s in

a controlled and managed manner, and to double the

annually irrigated area from 1200 to 2600 ha. While giving

proper attention to the water ‘quantity’ management, water

quality management has been ignored and the risk of soil

salinization has not been assessed. Salinity is among the

major problems threatening the sustainability of irrigated

agriculture—particularly in the arid and semi-arid regions of

the world to which the Wadi Laba area belongs (Van

Hofwegen and Svendsen, 2000).

A salinity problem exists if salt accumulates in the

rootzone to a concentration that causes a loss in crop yield

(Maas and Grattan, 1999). Water soluble and readily transpor-

table salts are the ones that contribute to a salinity problem.

Generally, in irrigated areas, these salts often originate from a

saline, shallow groundwater table (within 2 m of the surface),

or from salts in the applied water (Ayers and Westcot, 1985;

Tanji, 1990). In the Wadi Laba irrigated fields, the groundwater

table lies between 10 and 20 m (Natural Resources Consulting

Engineering, 1996) and hence the only source of salinity, if any,

is the floodwater.

There is a widely shared perception among the majority of

the farmers and the irrigation specialists that the flash floods

supplied by the Wadi Laba are a source of good quality

irrigation water, which does not cause soil salinization to a

level that would reduce the yields of sorghum (Sorghum bicolor)

and maize (Zea mays). This assertion is merely based on the

assumption that salinity related symptoms have not been

observed during the non-drought times. These symptoms are

similar to that of drought, such as wilting, or a darker, bluish-

green color and sometimes thicker, waxier leaves (Ayers and

Westcot, 1985). Soil salinization can take several years to reach

levels that have a noticeable effect. Moreover, moderate salt

effects could go entirely unnoticed because of a uniform

reduction in growth across an entire field. Therefore, could it

be that the moderately large and smaller floods (<100 m3/s)

that have been mainly utilized in the indigenous system of the

Wadi Laba have low or at most medium salinity levels? And do

the large (>100 m3/s) floods that have been utilized since 2000

have medium to high salinity, but that the time of their

utilization has been too short to have a noticeable impact?

These questions could only be addressed by a systematic

salinity analysis of the floods and the irrigated fields. The

authors undertook such a study with the following objectives:

(1) to investigate the salinity level in the rootzone that can be

induced by a long-term use of the different categories of Wadi

Laba floods, (2) to assess the potential impact of soil salinity on

crop yields and (3) to recommend, if necessary, appropriate

land, water and crop management practices that can mini-

mize salinity problems at field level.
2. Materials and methods

2.1. Study area description

This study was conducted in the Wadi Laba spate irrigation

system, which is presumed to have been established in Eritrea

at the beginning of the nineteenth century (Mehari et al.,
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Fig. 1 – Location map of Eritrea and the Wadi Laba catchment and irrigation system.

Fig. 2 – Hydrographs of the Wadi Laba floods (Mehari et al.,

2005b).
2005b). Both the local and national irrigation authorities

believe that in the past 100 years, the Wadi Laba farmers have

acquired a wealth of experience in floodwater management.

This may be one of the main reasons that led the authorities to

select the Wadi Laba system to pioneer spate irrigation

development activities.

The Wadi Laba system is located on the coastal plains of

Eritrea (altitude of 300 m) in the lower section of the Wadi Laba

catchment (Fig. 1). This lower section has an area of nearly

60,000 ha or about one quarter of the 240,000 ha, the area of the

whole catchment. The climate is hot and arid with a

maximum daily temperature ranging from 30 8C in January

to 45 8C in August. The mean annual rainfall is below 150 mm

and the potential evapotranspiration is estimated to be greater

than 2000 mm/year (Halcrow, 1997). The upper section of the

catchment (180,000 ha), the source of floodwaters for the low-

lying fields is hilly and mountainous with elevations ranging

from 1000 to 3000 m. The climate is warm to mild with an

average annual temperature of about 22 8C. The average

annual rainfall ranges from 400 to 600 mm and is erratic in

nature (Ogbazghi, 2001).

The current irrigable area in the Wadi Laba is approxi-

mately 2600 ha with a potential of 5000 ha (Mehari et al.,

2005b). The total number of farming households that rely

mainly on the spate irrigation system for their livelihood is

3200 (Daniel, 1997). The family size of a household ranges from

five to seven persons. Using an average of six persons per

household, the farming population would be about 19,000.

The major crop in Wadi Laba irrigation system is sorghum

(Sorghum bicolor), followed by maize (Zea mays). Hijeri, a local

sorghum variety, is the most widely grown crop because it is

well adapted to the local climate and has a well-branched root

system, which is very efficient at extracting residual moisture

from deep soil layers (Mehari et al., 2005b). Maize is usually

grown as the second crop in the sequence. The preferred local

variety is Berhe, which has a short growth period (<90 days)

and can provide some yield with the limited soil moisture left

over from sorghum.

The Wadi Laba farmers categorize the spate floods into six

types: very small, small, medium, moderately large, large and
very large based on the surface area the floods cover in the

Wadi and on some natural height measuring elements such as

huge trees and historical large stones. The very large floods are

known as Reka (Mehari et al., 2005b), a Tigre (local) term which

means generosity of water from God that irrigates all the fields

together. Discharge estimates were done of several very small,

small, medium, moderately large and large category floods

using the velocity–area method (Boiten, 2000), and they have

been found to roughly correspond to smaller than 10 and the

range of 10–25, 25–50, 50–100 and 100–200 m3/s. Moreover, all

the measured spates displayed some common flow charac-

teristics, namely a rapid increase of the discharge in the first

half hour and a peak with a short duration of about 10 min.

The peak was followed by a sharp decline in discharge for

nearly half to 1 h and a gradual decline and recession that

extends from several hours to 3–4 days (Fig. 2). Consequently,

the floods provide a source of water for only a short period, and

depending on the volume of the peak, they can destroy

diversion structures. This, coupled with the unpredictability in

timing and volume of the floods, makes floodwater manage-

ment a challenging task.

Based on the number of floods, the farmers classify the

flood seasons into excellent, good, average and dry, which

correspond to the occurrence of above 25, 20–25, 10–20, and
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Table 1 – The Wadi Laba flood categories between 1992 and 2003 (Mehari et al., 2005c)

Year Flood
season

category

Number of floods that occurred

Very small
(<10 m3/s)

Small
(10–25 m3/s)

Medium
(25–50 m3/s)

Moderately large
(50–100 m3/s)

Large
(100–200 m3/s)

Very Large
(>200 m3/s)

Total

1992 Excellent 6 5 13 4 3 1 32

1993 Good 7 3 10 2 1 – 23

1994 Average 3 2 6 1 – – 12

1995 Dry 2 1 3 2 – 1 9

1996 Dry 3 – 5 – 1 – 9

1997 Average 4 4 5 1 1 – 15

1998 Average 3 2 7 2 1 1 15

1999 Good 4 5 9 2 4 – 24

2000 Average 3 1 6 3 1 – 14

2001 Average 2 3 5 4 – 1 15

2002 Dry 1 1 3 3 – 1 9

2003 Excellent 4 5 12 4 2 1 28

Total

number

of floods

42 32 84 28 114 6 205

Fig. 3 – Relationship between the flood discharge, and the

soluble cations and anions composition of the Wadi Laba

floods. N.B. The concentration of the exchangeable ions

determined using ammonium extraction method was negligible.
below 10 spates per season, respectively. A 12-year record

(Mehari et al., 2005c) indicates that the medium floods account

for 33–56% of the total number of floods (Table 1). From Table 1

follows that very large floods (>200 m3/s) occur about once

every 2 years, large floods occur once a year and the

moderately large floods occur at least twice a year.

2.2. Research methodologies

Out of the 37 floods that occurred in 2002 and 2003 (Table 1),

the discharge of 19 floods was measured using the velocity–

area method (Boiten, 2000). The two largest floods (>200 m3/s)

were laden with debris, shrubs and tree, making velocity

measurements extremely dangerous. Smaller floods (<10 m3/

s) were not measured because they are too small to supply any

water to the most upstream fields. Floods that occurred

between 2:00 and 3:00 a.m. were not measured since, for

security reasons, no one was allowed to work in the field at

that time of the night.

To determine the salinity of the Wadi Laba floods, water

samples were taken at relative water depths of 0.2, 0.6 and 0.8

from the surface along the right bank, the deepest part of the

cross-section. Eight samples were taken during the first 10 h of

the flow (Fig. 2)—at an interval of half an hour in the first hour,

then every hour for the next 3 and at 2 h interval for the

remaining time. They were mixed to form one composite

sample of 0.5 L; then the sample was thoroughly mixed and the

salinity (ECw, dS/m) was determined with an electrical

conductivity (EC) meter after the value remained constant for

at least 5 min. ECw increased linearly with increasing discharge

rate, D (m3/s); ECw = 0.01� D + 0.12; R2 = 0.95. This equation

was used to estimate ECw for the very large floods (>200 m3/s).

The chemical composition of the suspended sediments

(solids) of the 19 composite flood samples was determined

using standard laboratory methods. The suspended solids

were separated from the water using suction pump and

ammonium acetate solution buffered to pH 7.0 was used to

extract the exchangeable ions in the solids (Thomas, 1982).

The analyses were done using the flame absorption and the

flame emission photometry respectively (Knudsen et al., 1982;
Soltanpour et al., 1982) in the case of calcium (Ca) and

magnesium (Mg), and potassium (K) and sodium (Na) cations.

Colorimetric, turbidimetric and tiration methods (U.S. Salinity

Laboratory Staff, 1954; Kruis, 2002 and American Public Health

Organization, 1992) were applied for the chloride (Cl), sulphate

(SO4) and bicarbonate (HCO3) anions. The cations and anions

exhibited a linear relationship (y = ax + b) with the flood

discharge (Fig. 3). This relationship was used to estimate the

chemical composition of the very large floods.

The electrical conductivities of extracts obtained from

saturated-soil pastes were determined (Robbins and Wiegand,

1990) on soil samples taken from twelve randomly selected

irrigated fields—four in each of the upstream, midstream and

downstream sites was measured. In an effort to have a

representative sample, each of the selected fields (1 ha in size)

was divided into 25 small rectangles. One sample for the

topsoil (0–30 cm depth) and one for the sub-soil (30 cm to 2 m

depth) were collected from each of the small rectangles using a

core sampler. Field observations have shown that 2 m is the

effective root depth of sorghum and maize. The soil samples
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Table 2 – Measured and calculated electrical conductivity
of Wadi Laba flood samples (ECw)

Flood category Discharge,
D (m3/s)

ECw
(dS/m)

Salinity
hazarda

Medium 25 0.15 None

28 0.29

31 0.37

35 0.45

36 0.50

38 0.38

40 0.47

41 0.48

45 0.50

Moderately large 58 0.65 Slight

60 0.71

65 0.75

70 0.81

75 0.72

85 0.83

100 0.90

Large 120 1.33 Slight to moderate

180 1.44

200 1.88

Very large 205 2.17b Slight to moderate

225 2.37b

245 2.57b

265 2.77b

a Classification is based on the irrigation water quality guidelines

given in Table 3, Ayers and Westcot, 1985.
b ECw calculated from the linear equation (ECw = 0.01 � D + 0.12;

R2 = 0.95) obtained from an ECw–D graph of the medium, moder-

ately large and large floods.
were mixed thoroughly to get one composite sample for the

topsoil and another for the sub-soil.
3. Results and discussion

3.1. Salinities of the floodwater and the suspended
sediments

The salinity guidelines (Table 1, Ayers and Westcot, 1985)

together with the measured ECw of the medium, moderately

large and large floods, and the calculated ECw of the very large

floods (Table 2), indicate that:
- t
he medium floods (25–50 m3/s) have no salinity hazard

whereas the moderately large floods (60–100 m3/s) have a

slight salinity hazard; and
- a
ll the large floods (100–200 m3/s) and the very large floods

(>200 m3/s) have a slight to moderate salinity hazard.

The high salinity of the large floods may be attributed to the

composition of the Wadi Laba upper catchment. Another re-

ason could be the salinization of the wadi banks consequent to

the wetting by the frequent small floods and the subsequent

concentration of salts as the banks dry. As the flow increases,

erosion of the banks and in turn the suspended solids in the

flow increase and the dissolution of the entrained salts on and

within the suspended solids.
According to the interviews held with the farmers and

personal observations during a number of flood events, floods

with a discharge greater than 50 m3/s occur when there is

rainfall on the highest altitudes (3000 m). Floods with a

discharge between 10 and 50 m3/s happen when the hilly

sections of the catchment at low to medium altitude (1000–

2000 m) receive rainfall. The high salinity level in the large

floods indicates that the mountainous area is relatively richer

in salt bearing minerals than the hilly areas. This is not a wild

assumption. As compared to the typical analytical data for

different types of salt affected soils (Table 10.3, Smedema

et al., 2004), the chemical compositions of the water phase (the

exchangeable ions were found to be negligible) of the large

floods presented in Table 3 suggest that the floods originated

from a saline area.. The content of each of the cations (Ca++,

Mg++, Na+ and K+) and anions (Cl�, SO4
� and HCO3

�) was found

to be greater than 130 mmolc/L. Cl� and SO4
�, the two major

sources of salinity accounted for nearly 66 and 50 mmolc/L,

respectively.

3.2. The average soil-water salinity in the rootzones of
sorghum and maize

Following irrigation with saline water, salt concentration

builds up due to plants extracting water but leaving salts

behind in a greatly reduced volume of soil-water. As crops use

water, the upper rootzone becomes depleted and the zone of

readily available water moves toward the deeper parts as the

time interval between irrigations is extended. The crop does

not respond to the extreme low or high salinity levels in the

root zone but integrates water availability and takes water

from wherever it is most readily available. For crops irrigated

infrequently, as is normal in spate irrigation systems, the crop

yield is best correlated with the average soil-water salinity of

the rootzone (Grattan, 1999; Shalhevet, 1994).

The average electrical conductivity of saturated paste

extracts, ECe, which could develop in the rootzone was

estimated from the ECw values in Table 2. Since rainfall on the

irrigated lands is insignificant, the ECe was estimated by using

concentration factors (Table 3, Ayers and Westcot, 1985) to

predict the soil salinity from the salinity of the irrigation water

and the leaching fraction. This prediction required an estimate

of the leaching fractions based on the total applied amount of

water and the evapotranspiration, ETc.
- T
he annual ETc for an optimum crop yield is approximately

870 mm. This is in line with the Wadi Laba farmer’s practice

where two sorghum harvests (seeded and ratoon) or one

sorghum and one maize harvest/year occur. The ETo values

have been calculated by Penman–Monteith (Allen et al.,

1998) on the basis of 10 year climatic data of the study area

and have been directly measured using a Class A pan in 2002

and 2003. The pan coefficients kpan is 0.65 for the mean

relative humidity (RH) between 40 and 70% and kpan is 0.75

for RH larger than 70% (see Table 5, Allen et al., 1998). From

these data, it follows that the average net ETc for one harvest

of seeded sorghum, sorghum ratoon and maize second crop

is 450, 400 and 440 mm, respectively (Table 4). Thus, the

estimate of the annual ETc ranges from 850 to 890 mm. The

average, 870 mm was used here. Based on this average ETc
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Table 3 – Chemical composition of the water phase of the suspended sediments of the different Wadi Laba flood categoriesa

Flood
category

Discharge
(m3/s)b

Sodium
(Na)b

Calcium
(Ca)b

Magnesium
(Mg)b

Potassium
(K)b

Total
cationsb

Bicarbonate
(HCO3)b

Sulphate
(S04)b

Chloride
(Cl)b

Total
anionsb

Sodium adsorption
ratioc (SAR)

Medium 25.0 5.1 2.3 12.8 0.7 20.9 0.5 9.5 5.6 15.6 1.9

28.0 9.3 1.8 10.8 0.6 22.5 3.5 11.4 11.3 26.2 3.7

31.0 11.7 0.7 7.9 1.0 21.3 3.8 9.4 10.5 23.7 5.6

35.0 13.0 1.4 9.0 1.1 24.5 1.3 12.5 12.6 26.4 5.7

36.0 10.3 1.4 12.3 1.1 25.1 6.4 10.8 14.8 32.0 3.9

38.0 8.3 1.5 13.8 1.0 24.6 8.4 8.6 5.9 22.9 3.0

40.0 9.6 1.4 13.6 1.3 25.9 8.0 14.5 7.5 30.0 3.5

41.0 15.2 4.4 20.0 1.1 40.7 6.8 19.5 11.8 38.1 4.4

45.0 22.3 1.6 22.2 1.1 47.2 3.5 15.8 12.5 31.8 6.5

Average 35.4 11.6 1.8 13.6 1.0 28.1* 4.7 12.4 10.3 27.4* 4.2

Moderately large 58.0 4.0 3.2 16.9 1.6 25.7 6.8 7.6 16.8 31.2 1.3

60.0 7.5 4.9 13.5 1.3 27.2 6.5 13.4 15.3 35.2 2.5

65.0 16.2 6.5 19.6 1.7 44.0 4.0 21.6 18.1 43.7 4.5

70.0 19.3 10.8 16.6 1.9 48.6 5.8 22.4 13.5 41.7 5.2

75.0 21.3 8.9 25.1 2.5 57.8 4.3 19.9 12.3 36.5 5.2

85.0 18.5 8.6 23.9 1.4 52.4 9.2 25.5 19.8 54.5 4.6

100.0 23.0 7.5 29.0 2.7 62.2 7.5 23.3 24.6 55.4 5.4

Average 73.3 15.7 7.2 20.7 1.9 45.4* 6.3 19.1 17.2 42.6** 4.2

Large 120.0 26.5 15.0 35.3 5.4 82.2 10.3 22.5 25.7 58.5 5.3

180.0 32.8 23.5 69.8 6.0 132.1 18.4 77.3 52.5 148.2 4.8

200.0 53.3 30.8 99.7 7.2 191.0 17.1 98.5 70.9 186.5 6.6

Average 166.7 37.5 23.1 68.3 6.2 135.1** 15.3 66.1 49.7 131.1** 5.6

Very large *** 205.0 45.5 28.8 84.2 7.7 166.2 17.6 82.5 62.3 162.5 6.1

225.0 49.7 32.0 93.0 8.5 183.2 19.2 91.3 68.5 179.1 6.3

245.0 53.9 35.2 101.8 9.3 200.2 20.8 100.1 74.7 195.7 6.5

265.0 58.1 38.4 110.6 10.1 217.2 22.4 108.9 80.9 212.3 6.7

Average 245.0 53.9 35.2 101.8 9.3 191.7** 20.8 100.1 74.7 187.4** 6.5

As compared to the typical analytical data for different salt affected soils, Table 10.3, Smedema et al., 2004; * are non-saline where as ** are saline; *** chemical composition estimated from Fig. 3.
a The concentration of the exchangeable ions determined using ammonium acetate extraction method was negligible.
b Expressed in mmolc/L.
c SARðNa=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCaþmgÞ=2

p
Þ< 9 mmolc/L indicates non-sodic soils (Table 1, Ayers and Westcot, 1985).
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Table 4 – Estimated net water requirement (ETc) of sorghum and maize in the Wadi Laba irrigated fields

Crop type Growth stage Growth period ETo1a ETo2b Max. Kc

valuesc
ETc1

(ETo1 � Kc)
ETc2

(ETo2 � Kc)
Average ETc

(ETc1 + ETc2)/2

Date Days mm/day mm mm/day mm mm mm mm

Sorghum

(Hijeri local

variety)

seeded crop

Initial 21/9–9/10 19 7 133 6 114 0.40 53 46 49

Development 10/10–10/11 32 6 192 5 160 0.75 144 120 132

Mid season 11/11–16/12 36 5 180 4 144 1.15 207 166 186

Late season 17/12–11/01 26 4 104 4 104 0.80 83 83 83

Total 113 609 522 487 414 451

Sorghum

(Hijeri local

variety)

ratoon crop

Initial 25/1–9/2 8 4 32 5 40 0.40 13 16 14

Development 10/2–9/3 29 5 145 5 145 0.75 109 109 109

Mid season 8/3–6/4 30 6 180 6 180 1.15 207 207 207

Late season 4/4–17/04 14 7 98 6 84 0.80 78 67 73

Total 81 455 0 449 407 399 403

Maize

(Berhe local

variety)

Initial 1/2–15/2 16 4 64 4 64 0.50 32 32 32

Development 16/2–14/3 28 5 140 5 140 0.85 119 119 119

Mid season 15/3–12/4 29 6 174 6 174 1.20 209 209 209

Late season 17/4–30/04 14 7 98 6 84 0.90 88 76 82

Total 87 476 462 448 435 442

a Estimated using Penman–Monteith on the basis of a 10-year climatic data of the study area.
b Obtained from Class A pan measurements. Pan Coefficients: Kpan 0.65 for mean relative humidity, RH, of 40–70%, and Kpan 0.75 for RH > 70% (Table 5, Allen et al., 1998 were used). In Wadi Laba, RH

ranges from 40 to 70% in September and October, and is >70% for the rest of the crop production period.
c Adapted from Brower and Heibloem (1986).
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Table 5 – Percentage of sorghum and maize crop yield relative to the yield for the same conditions without salinity
(assumed 100%), at 0.1 and 0.3 LF and irrigation by the different Wadi Laba flood categories

Flood category Discharge (m3/s) Average rootzone
salinity, ECe (dS/m)

Yield sorghum, Yr

(%)
Yield maize, Yr (%)

0.1 LF 0.3 LF 0.1 LF 0.3 LF 0.1 LF 0.3 LF

Medium 25 0.63 0.32 100 100 100 100

28 1.18 0.60 100 100 100 100

31 1.52 0.77 100 100 100 100

35 1.85 0.94 100 100 98 100

36 2.04 1.03 100 100 96 100

38 1.55 0.79 100 100 100 100

40 1.93 0.98 100 100 97 100

41 1.99 1.01 100 100 97 100

45 2.05 1.04 100 100 96 100

Moderately large 58 2.68 1.36 100 100 88 100

60 2.92 1.48 100 100 85 100

65 3.06 1.55 100 100 84 100

70 3.33 1.69 100 100 80 100

75 2.94 1.49 100 100 85 100

85 3.39 1.71 100 100 80 100

100 3.68 1.86 100 100 76 98

Large 120 5.47 2.77 100 100 55 87

180 5.92 3.00 100 100 49 84

200 7.73 3.91 85 100 28 73

Very large 205 8.91 4.51 66 100 13 66

225 9.73 4.92 53 100 4 61

245 10.55 5.34 40 100 0 56

265 11.37 5.75 27 100 0 51
and a reasonable range in depths of applied water, a choice

of leaching fractions, LF, from 0.1 to 0.3 seems to be realistic.

This range in LF is consistent with the present irrigation

practices in Wadi Laba. The farmers consider a certain field to

be ‘fully’ irrigated if it receives at least three irrigation turns of

50 cm depth each. An applied water depth of 1,500 mm and the

average ETc of 870 mm result in a leaching fraction of about 0.4

((1500 � 870)/1500). A ‘partially’ irrigated field gets one to two

turns of 50 cm depth each, which result in a leaching fraction

of 0.1 ((1000 � 870)/1000).

3.3. Predicted impact of the ECe on the sorghum and maize
yield

The long-term impact of ECe on the grain yields of sorghum

and maize (Table 5) was assessed by using Eq. (1) (Maas and

Grattan, 1999).
Yr ¼ 100� sðECe� tÞ (1)

where Yr is crop yield relative to the maximum crop yield for

non-saline conditions in percent, t the threshold salinity in dS/

m, s the yield loss per unit increase in salinity above t in

percent per dS/m and ECe is the average salinity of a saturated

paste extract in the rootzone in dS/m.

For the same crop, there are different s and t figures

developed (Ayers and Westcot, 1985; Maas and Grattan, 1999)

to reflect the various climatic factors under which the crop is

grown. Most crops can tolerate greater salt stress if the

weather is cool and humid than when it is hot and dry. To get

the most accurate estimate of the possible yield reduction, the
s and t values after Maas and Grattan (1999) were used in this

research. These figures were developed for hot-arid coastal

areas, which have similar climatic conditions to that of the

Wadi Laba irrigated area. According to Maas and Grattan

(1999), sorghum belongs to the moderately salt-tolerant group

and has t and s values of 6.8 dS/m and 16% per dS/m,

respectively; maize is categorized as moderately sensitive

with respective t and s values of 1.7 dS/m and 12% per dS/m.

To estimate theaverage salinity of the rootzone as a function

of the leachingfraction(LF), theconcentrationfactorshavebeen

used as given by Ayers and Westcot (Table 3; 1985). The

concentration factor for a LF of 0.1 is 2.1 and that for a LF of 0.3 is

1. Inotherwords, theaverageECe intherootzoneofacropthat is

irrigated in such a way that the LF is 0.1 will be 2.1 times the

ECsw; and if the LF is 0.3, then the average ECe will be equal to

ECsw.WhenusingthismethodtoestimatetheECethefollowing

assumptions have been made, namely that the rainfall is not a

source of water for the crop, sufficient water has been applied to

establish a steady state salinity distribution throughout the

rootzone during the crop season, and that the salinity of the

applied water does not change with time. This method of

estimating the average salinity in the rootzone tends to be

conservative, unless the average soil salinity in the rootzone

when the crop is planted is higher than the estimated salinity

that is obtained by using the concentration factors. Because of

these assumptions, the estimated average ECe values usually

exceedwhatactually occurs, i.e. the estimates ofyield reduction

are greater than what actually will occur (Shalhevet, 1994).

In the fields that receive two turns of irrigation water (0.1

LF), the following salinity impact assessment can be made

from Table 5:
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Table 6 – Measured soil-water salinity of the root zone, ECe of selected Wadi Laba fields (average of three measurements
of each of the top and sub-soil samples)

Upstream fields Midstream fields Downstream fields

1 2 3 4 Average 1 2 3 4 Average 1 2 3 4 Average

ECe (dS/m) 1.15 1.25 1.60 1.55 1.4 2.10 2.55 2.70 2.75 2.53 3.5 3.85 4.7 4.15 4.05
- M
edium floods can be utilized for sorghum and maize

production without any risk of yield loss.
- M
oderately large floods, while not of any concern in the case

of sorghum, could reduce the yield of maize by 25%.
- T
he large floods could reduce sorghum yields by 15%, which

may be considered acceptable. In the case of maize,

however, the loss could be 70%. Even at 0.3 LF, the floods

could incur a yield loss of 25% and may thus be considered

unsuitable for maize production.
- T
he very large floods could cause 75 and 100% yield reduction

ofsorghumand maize, respectively. These floods may beused

for sorghum production only in those fields that receive three

irrigation turns. They are not suitable for maize since even at

0.3 LF, the salinity in the rootzone will half the yield.

The presented analysis, however, assumes that a field is

irrigated by one single flood-category. Although the practi-

cality of this assumption cannot be ruled out, the relatively

more likely event is that a field is irrigated by a combination of

two or three different flood categories. The newly built stru-

ctures have not changed the water-sharing arrangements a-

mong the farmers. Therefore, one needs to consider the

consequences of indigenous water rights in the salinity ass-

essment. These water rights allocate the small and medium

floods, and occasionally the moderate-large floods to the u-

pstream fields; the moderate-large and sometimes the large

floods to the midstream fields, and the large and very large

floods to the downstream fields. Based on these allocations

some additional salinity impacts can be deduced (Table 5):
- S
orghum and maize yields in the upstream fields will not

decline regardless of whether they are irrigated twice or

three times.
- S
orghum yield in the midstream fields that receive two

irrigation turns may not decrease, but maize yield could

decline by 30–50%. If the fields get three irrigation turns, the

maximum maize yield loss would be about 10%, assuming

that two third of the yield comes from the moderate-large

and one third from the large floods.
- T
he downstream fields will be the most affected fields by

salinity. With two irrigation turns using only very large

floods, the sorghum and maize yields may decrease 70 and

100%, respectively; if equal quantities of large and very large

floods are utilized, the yield losses would be 45 and 85%;

while if only large floods are used, the losses would be 15 and

70%. With three irrigation turns, there would be no sorghum

yield losses; but the maize yield could decline by 50% when

very large floods are the only source, 35 and 45% if large and

very large floods are applied in a 2:1 and 1:2 ratios; and 30% if

the large floods should supply all three irrigation turns.

This analysis shows that a strict adherence to the existing

water sharing arrangements could contribute to high maize
and sorghum yield losses in the downstream fields. However,

violation of the present arrangements could have a much

larger negative effect. The field-to-field water distribution is

convenient for the upstream and downstream farmers to

utilize the few large floods, especially in times of drought.

This practice leaves many downstream fields dry and at best,

partially irrigated, thereby exposing them to the highest yield

losses. Therefore, some changes in the field layout are ne-

cessary to provide the downstream fields with separate in-

takes and to enable them to divert directly water from the

canals and even the wadi. This intervention could have an

added value for the wet season; some downstream fields may

be able to harness moderately large floods. Apart from this, it

is recommended to introduce some practical salinity mea-

sures by strengthening the farmers’ awareness so that they

grow only sorghum in the fields irrigated by large floods; by

introducing a water management policy of discharging the

very large floods to the wadi and by convincing the farmers

not to utilize these very large floods. Besides the high impact

they have on the maize and sorghum yields, the very large

floods are the most destructive and the scarcest floods. M-

oreover, should the need arise to introduce new crops; at

least those moderately tolerant to salinity would have to be

preferred.

It is worth noting that the s and t values for all crops are

based on a research where salinity was artificially imposed

after the crop was established in a non-saline soil medium

(ECe < 4 dS/m). Three field experiments, which used grain

sorghum as an important dry land summer crop on the

saline Liverpool Plains in Northern New South Wales, have

shown that the yield was reduced by 50% at irrigation water

induced ECe levels of as low as 2.8 dS/m (Daniells et al.,

2001). As mentioned before, the advisory literature indicated

a salinity threshold (no yield reduction) for sorghum at

6.8 dS/m. The Wadi Laba fields were, however, non-saline in

2002 (Table 6). Hence, it may be assumed that the actual yield

reductions could not be higher than the ones indicated in

Table 5.

It is also clear from Table 6 that after a century of spate

irrigation, the actual (measured) ECe of the fields is far lower

than the predicted ECe values (Table 5). This may not be due to

an allocation of larger amount of water for leaching than that

used in Table 5. As acknowledged by the farmers, even during

an excellent flood season that has a probability of occurrence

of only 20% (Table 1), a maximum of 70% of all the Wadi Laba

fields have been fully or partially irrigated. The more reason-

able explanation may thus be that till the year 2000 the Wadi

Laba system relied on earthen and brushwood diversion

structures that could withstand (without failing) floods of a

maximum of 100 m3/s. Thus, the large and very large floods,

which are relatively rare in occurrence as compared to the

other flood categories, may have only seldom made their way

to the fields.



a g r i c u l t u r a l w a t e r m a n a g e m e n t 8 5 ( 2 0 0 6 ) 2 7 – 3 736
4. Conclusion

The fact that the indigenous water management system was

not able to divert large floods (>100 m3/s) may have cost

substantial maize and sorghum production in the Wadi Laba

area, and at times incurred livelihood hardships to the

farmers. However, a positive aspect is that the indigenous

water management system has maintained the salinity of the

fields at sustainable levels.

The water management reform that focused on diverting

large floods in a controlled manner may not attain its intended

objective of doubling the yields (especially of maize) unless the

salinity problem is adequately addressed. The slightly to

moderately saline large floods, which supply water mainly to

the downstream fields, may have a significant impact on the

maize yield, but also on that of sorghum. In the worst scenario,

when a field receives two irrigation turns from the very large

(200–260 m3/s) floods, sorghum and maize yields could

decrease 75 and 100%, respectively; in the case of large floods

(100–200 m3/s), by 15 and 70%. In the best scenario, when a

field is irrigated trice with the large floods, only maize yield

could decline by 30%. Some of the recommendations to

minimize yield loses include the provision of separate intakes

for the downstream farmers in view of their right on large

floods; the growth of maize only on the fields that are irrigated

by small to moderately large floods (<100 m3/s) and the

restriction of large floods for sorghum. Other recommenda-

tions are the diversion of very large floods to the wadi and the

prioritization of moderately salt tolerant, new crops. It is

remarkable to mention that even the small and moderately

large floods with an average ECw of about 0.6 dS/m, when

applied at the rate of 8700 m3/ha/year, may add 5 tonens of salt

to the soil. If this is not flushed out of the rootzone, salinity

problems could rapidly build up. Thus, budgeting at least 10%

of the applied floodwater for leaching is a must-do water

management task.

Acknowledgments

The authors of this paper would like to thank the Netherlands

Organization for International Cooperation in Higher Educa-

tion (NUFFIC), the Netherlands, for funding the study. Special

thanks also goes to the Wadi Laba staff of the Ministry of

Agriculture for their logistical and advisory support; and the

Wadi Laba farmers for allowing free access to their fields and

unreservedly participating during the fieldwork part of the

study.

r e f e r e n c e s

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop
evpaotranspiartion: guidelines for computing crop water
requirements. FAO Irrigation and Drainage Paper 56, FAO,
Rome.

American Public Health Organization, 1992. Standard
Methods for Examination of Water and Wastewater, 18th
ed., pp. 3–95.

Ayers, R.S., Westcot, D.W., 1985. Water Quality for Agriculture.
FAO Irrigation and Drainage Paper 29 Rev. 1, FAO, Rome.
Boiten, W., 2000. Hydrometry. International Institute for
Infrastructure, Hydraulic and Environmental Engineering.
IHE, Delft, Balkema, Rotterdam, Lecture Note Series.

Brower, C., Heibloem, M., 1986. Irrigation Water Management
Training Manual No. 3: Irrigation Water Management:
Irrigation Water Needs. FAO, International Support Program
for Irrigation Water Management, Land and Water
Development Division, Rome.

Daniel, A.M., 1997. A Preliminary Report on a Pre-Project Sheeb
Socio-Economic Study: A Strategy for Rural Development,
vol. 1 (a) and (b), Ministry of Agriculture, P.O. Box 1048,
Asmara, Eritrea, 185 pp.

Daniells, I.G., Holland, J.F., Young, R.R., Alston, C.L., Bernardi,
A.L., 2001. Relationship between yield of grain sorghum
(Sorghum bicolor) and soil salinity under field conditions.
Aust. J. Exp. Agric. 41, 211–217.

Grattan, S.R., 1999. Irrigation Water Salinity and Crop
Production. University of California, Agricultural and
Natural Resources, CA, USA, Publication 8066.

Halcrow, W., 1997. Inception report, Eastern Lowlands Wadi
Development Project (ELWDP), Ministry of Agriculture, P.O.
Box 1048, Asmara, Eritrea, 50 pp.

International Fund for Agricultural Development (IFAD), 1995.
Appraisals Report on Eastern Lowland Wadi Development
Project (ELWDP), Ministry of Agriculture, P.O. Box 1048,
Asmara, Eritrea, 52 pp.

Knudsen, D., Peterson, G.A., Pratt, P.F., 1982. Lithium, sodium
and potassium. In: Page, A.L., et al. (Eds.), Methods of Soil
Analysis. Part 2. Chemical and Microbiological Properties.
ASA Monograph Number 9, pp. 225–246.

Kruis, F., 2002. Environmental Chemistry Selected Analytical
Methods: Laboratory Manual. United Nations Educational,
Scientific and Cultural Organization—International
Institute for Infrastructure, Hydraulic and Environmental
Engineering (NESCO-IHE), The Netherlands, 92 pp.

Maas, E.V., Grattan, S.R., 1999. Crop yields as affected by
salinity. In: Skaggs, R.W., van Schilfgaarde, J. (Eds.),
Agricultural Drainage. ASA, CSSA, SSSA, Madison, WI,
Agron. Monogr. 38, pp. 55–108.

Mehari, A., van Steenbergen, F., Schulz, B., 2005a Water rights
and rules, and management in spate irrigation systems in
Eritrea, Yemen and Pakistan. In: van Koppen, B.,
Butterworth, J.A., Juma, I.J.(Eds.), African Water Laws: Plural
Legislative Frameworks for Rural Water Management in
Africa (Eds.), Proceedings of the Workshop held in
Johannesburg, South Africa, IWMI, Pretoria, January 26–28,
2005, in press.

Mehari, A., Schulz, B., Depeweg, H., 2005b. Where indigenous
water management practices overcome failures of
structures. Irrigation Drainage 54, 1–14.

Mehari, A., Schulz, B., Depeweg, H., 2005c. Hydraulic
performance evaluation of the Wadi Laba spate irrigation
system in Eritrea. Irrigation Drainage 54, 389–406.

Natural Resources Consulting Engineering, 1996. Final Report on
the Reconnaissance Study of Water Based Agricultural
Development Potential in Eastern Eritrea, Asmara, Eritrea,
2002 pp.

Ogbazghi, W., 2001. The distribution and regeneration of
Boswellia papyrifera. Tropical Resources Management Papers
No. 35, Wageningen University, The Netherlands, 140 pp.

Robbins, C.W., Wiegand, C.L. 1990. Field and laboratory
measurements. In: Tanji, K.K., (Ed.), Agricultural Salinity
Assessment and Management. ASCE Manuals and
Reports on Engineering Practices, No. 71, ASCE, New York.
pp. 201–219 (chapter 10).

Shalhevet, J., 1994. Using water of marginal quality for crop
production: major issues. Agric. Water Manage. 25, 233–239.

Smedema, K.L., Voltman, F.W., Rycroft, W.D., 2004. Modern
Land Drainage: Planning, Design and Management of



a g r i c u l t u r a l w a t e r m a n a g e m e n t 8 5 ( 2 0 0 6 ) 2 7 – 3 7 37
Agricultural Drainage. A.A. Balkema Publishers, Tayor and
Francis, The Netherlands, ISBN 9058095541, 446 pp.

Soltanpour, P.N., Benton Jones Jr., J., Workman, S.M., 1982.
Optical emission spectrometry. In: Page, A.L., et al. (Eds.),
Methods of Soil Analysis. Part 2. Chemical and
Microbiological Properties, second ed. ASA, Madison, WI,
Monograph number 9, pp. 29–65.

Salinity Laboratory Staff, U.S., 1954. Carbonate and bicarbonate
by titration with acid. In: Richards, L.A. (Ed.), Diagnosis and
Improvement of Saline and Alkali Soils. USDA Agricultural
Handbook 60. U.S. Government Printing Office, Washington,
DC, p. 98.

Tanji, K.K., 1990. The nature and extent of agricultural
salinity problems. In: Tanji, K.K. (Ed.), Agricultural
Salinity Assessment and Management. ASCE
Manuals and Reports on Engineering Practices
No. 71. Am. Soc. Civil Engineers, New York,
pp. 1–17.

Thomas, G.W., 1982. Exchangeable cations. In: Page, A.L., et al.
(Eds.), Methods of Soil Analysis. Part 2. Chemical and
Microbiological Properties. ASA Monograph Number 9, pp.
159–165.

Van Hofwegen P., Svendsen, M., 2000. A vision of water for food
and rural development. World Vision Water Report (online).
Available at http://www.worldwatercouncil.org/vision/
documents/WaterforFoodVisionDraft2.PDF (accessed July
26, 2005).

Van Steenbergen, F., 1997. Understanding the sociology of
spate irrigation: cases from Balochistan. J. Arid Environ. 35,
349–365.

http://www.worldwatercouncil.org/vision/documents/WaterforFoodVisionDraft2.PDF
http://www.worldwatercouncil.org/vision/documents/WaterforFoodVisionDraft2.PDF

	Salinity impact assessment on crop yield for Wadi Laba spate irrigation system in Eritrea
	Introduction
	Materials and methods
	Study area description
	Research methodologies

	Results and discussion
	Salinities of the floodwater and the suspended sediments
	The average soil-water salinity in the rootzones of sorghum and maize
	Predicted impact of the ECe on the sorghum and maize yield

	Conclusion
	Acknowledgments
	References


