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ABSTRACT

Indigenous irrigation methods in mountainous areas are a result of people’s efforts to

survive on limited land resource bases. The adoption of an irrigation method depends

Uluguru Mountains, drag hose sprinkling is receiving wide use at Towero. Drag

hose sprinkler irrigation refers to the local use of sprinklers where water pressure is

obtained by gravity flow.

Effects of indigenous irrigation systems’ practices on soil erosion were evaluated

using field data and aerial photographs. Field data were obtained from six slopes,

ranging from 6 to 84%. Two versions of aerial photographs were used to produce

land-use maps for 1964 and 1992, respectively. Traversing produced the land-use

map of 1999.

Land-use analysis revealed that between 1964 and 1999, the area under indigenous

irrigation increased by 0.81 ha/ycar. Between 1964 and 1999 the settlement area

increased by 0.83 ha/year. Deforestation rate was 6.48 ha/year.

Mean crop yields for leeks ranged between 9.65 — 13.53 tonne/ha. Mean specific

yields ranged between 0.65 - 1.09 kg/m3. Mean water conveyance, application and

storage efficiencies were 83.72%, 86.20% and 99.64%, respectively. All fields were

on whether it does not affect the soil. While surface methods are common in the
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over-irrigated based on soil moisture data which were taken daily. Over-irrigation

caused inequitable water distribution.

Daily sediment load transport in canals A, B and C were 22.2 kg, 187.6 kg and 54.7

kg, respectively. Total sediment loss was 264.6 kg per day. Net downslope splash

loss at 84, 70, 65, 24 and 15% slope was 28.9, 19.1, 12.0, 6.0, and 1.0 kg/ha,

respectively.

The effects of indigenous irrigation systems’ practices at Towero were: soil loss in

the form of splash erosion and sediment load transport, and acceleration of

deforestation in pursuit for more agricultural land. Hence, efforts to promote soil

conservation practices at Towero are essential.
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1 INTRODUCTION

An overview of the origins and development of indigenous irrigation1.1

systems

Since ancient times land users in mountainous are as have, under widely varying

ecological conditions, attempted to cultivate their crops using various indigenous

methods, conserve the soil, and maintain fertility at acceptable levels (IFAD, 1992).

In order to survive on a limited land resource base, intensive systems of agriculture

which included irrigation and terracing often had to be developed on steep slopes

(Yoder and Martin, 1985).

The methods of irrigation in mountainous areas were selected based on whether they

(India), Pakistan, and the middle hills of Nepal have more than one indigenous

method of irrigation in one particular area (Fisher, 1989; Yanhua et al., 1992). In the

mountains of Pakistan’s Himalayan-Karakoram-Hindu Kush, nearly all irrigation is

conveyed through kuhls - small, often lengthy canals, usually carrying water directed

through a crude intake from mountain stream sources (Vander Velde, 1992). Further

south into Baluchistan, the mountains of Pakistan’s western borderlands, the

indigenous karez systems of irrigation are found (Gupta and Ura, 1992). Shafts are

spring or, more commonly, collect subsoil water, which is then delivered to fields at

a lower elevation. Along Tigris and Euphrates rivers, which flow from the Mountains

of Turkey through Syria and Iraq, spate irrigation and irrigation from the

normally sunk in the alluvial fans; linked by galleries to form a tunnel that may tap a

conserve the soil. For instance, farmers in west Sichuan (China), Himachal Pradesh
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groundwater via wells and ghanats (underground canals dug to intercept the

watertable) are common systems (Field, 1990). While surface irrigation ditches -

locally known as mifereji are common in the rest of the Uluguru mountains, in

Towero village drag hose sprinklers have started to receive wide use. Drag hose

sprinkler irrigation refers to the local use of sprinklers where water pressure is

obtained by gravity flow.

1.2 Problem statement

Highland areas are characterised by adequate rainfall and relatively fertile soils

(Svendsen and Hansen, 1993). However, during the dry season water becomes scarce

and a variety of crops are irrigated using indigenous methods (Gupta and Ura, 1992).

Overtime, irrigation activities have increased. Consequently, there has always been a

conflict between agriculture, land-use and soil conservation (Mulk, 1992; Sharma,

1992; Gupta and Ura, 1992; Shrestha and Katwal, 1992).

Towero village, located on the western side of the Uluguru Mountain range, is also

faced with similar problems. Soil erosion (soil loss due to splash erosion + sediment

load transport) has also been observed. In the course of establishing new fields for

irrigated agriculture, such practices as deforestation and setting of fires have been

observed to accompany development of indigenous irrigation systems (Kilasara and

Rutatora, 1993).
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The prevailing view is that irrigation intensifies the process of water erosion

(Lundckvam and Skoien, 1998). Excessive irrigation mainly causes soil erosion

through splash, runoff and sediment load transport (Nijman, 1992). In the irrigation

canals, sediment load becomes a problem when such canals are located on erodible

soils and steep slopes. The effects of irrigation systems’ practices on soil erosion

have in general been little studied (Kilasara and Rutatora, 1993; Lyamuya et al.,

1994)

The urgent need to assess irrigation-induced soil erosion in the Uluguru Mountains is

dictated by the rapid development of indigenous irrigation in the area. In the past,

irrigated areas had been chosen on comparatively flat, erosion-safe land; the situation

today is quite different (Senkondo, 1992).

As a result, in recent years the danger of erosion has become the basic criterion for

selecting irrigation methods in the Uluguru Mountains. For example, nowadays

farmers of Towero prefer drag hose sprinkler irrigation systems to ditch irrigation

because the latter causes more soil erosion.

soil erosion at Towero village. Therefore, there was need to study the effects of

indigenous irrigation systems.

Despite several efforts to study soil erosion in the Uluguru Mountains, there is still a

paucity of information on the effects of indigenous irrigation systems’ practices on
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1.3 Importance of the study

Towero village is an important catchment area for water supplies for domestic use in

some parts of the Morogoro township (Lyamuya et al., 1994; Bhatia and Ringia,

1996). Due to this fact, conservation of the Towero catchment is of vital importance.

The catchment further secures a stable and good water supply and maintains a humid

climate suitable for agriculture. It also has a high value for prevention of erosion and

siltation of rivers and streams in other agricultural areas further down the slopes.

Three rivers, which are of importance to people living in Morogoro township,

originate from the Towero catchment. These rivers are Kikundi, Mwere and Mlali.

They are among the main water sources for the urban and industrial users in the

township. Unfortunately, dense woodlands on the slopes have largely been cleared

due to the expansion of agricultural land, while cultivated land is seriously being

eroded. Clearing of woodlands on the slopes has consequently been associated with

frequent water shortages, which have recently been threatening Morogoro township

dwellers.

Therefore, when the results of this research are disseminated to the stakeholders they

will support farmers, local policy makers, non-govemmental organisations (NGOs)

and sub-regional planners in their search for strategies to protect the environment.
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1.4 Hypothesis

Indigenous irrigation systems’ practices cause soil erosion.

1.5 Objectives

The main objective of this study was to evaluate the effects of indigenous irrigation

systems practices on soil erosion in Towero village, on the Uluguru Mountains. The

specific objectives were:

a) to determine the extent of the area covered under indigenous irrigation systems.

b) to assess the efficiency of indigenous irrigation systems.

c) to determine the rate of soil erosion due to indigenous irrigation.

This study and the methodology adopted were based on the hypothesis that:
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2 LITERATURE REVIEW

Effects of indigenous irrigation systems’ practices on soil erosion are a threat to

agricultural sustainability in mountainous areas. They affect both the characteristics

of the in situ soil and its productive potential (Tengberg et al., 1997). Indicators of

the effects of indigenous irrigation systems include runoff, splash erosion,

sedimentation rate, and deterioration of soil structure, deforestation and many others.

Deforestation, soil erosion and sediment load are the main indicators of the effects of

indigenous irrigation systems’ practices in mountainous areas (Shrestha and Katwal,

1992).

The effects of deforestation, soil erosion and sedimentation in the Uluguru

Mountains are well known (Kilasara and Rutatora, 1993). However, there is no

documented data regarding the area affected, the rate at which they occur, the

relationships between various forms of land use and losses of productivity

(Senkondo, 1992). This chapter reviews the effects of indigenous irrigation systems’

practices on these indicators.

Determination of soil parameters2.1

Soil texture2.1.1

Determination of the soil textural class is necessary in the irrigation studies because

the texture of the soil is related to its water holding capacity (FAO, 1988). It also

determines the quantity of water to be applied, the frequency of irrigation as well as
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soil’s vulnerability to soil erosion. There are several textural classifications. The most

commonly used for agronomic purposes is the classification of the U. S. Department

of Agriculture (Raes, 1996). There are basically three methods, which are used in the

determination of particle-size analysis. These are: the feeling, hydrometer and the

pipette methods (Gee and Bauder, 1986).

Among textural properties important for soil resistance to water erosion are clay

humus content, and stability of soil aggregates. A high proportion of water-stable

aggregates in the 2 - 6 mm fraction is a soil property that facilitates infiltration and

affords resistance to erosion (Bryan, 1977). Measuring the water stability aggregates

in samples from the surface soil gives a meaningful parameter for describing soil

erodibility. The stability is related to clay, humus and biological activity (Tisdall and

Oades, 1982). Aggregate stability provides indirect information about soil erodibility,

organic matter, permeability and tendency to crust formation. Therefore, aggregate

stability is a valuable soil parameter for describing erosion risks. The effect of such

properties can be very pronounced. For example, soil losses were 75% less at 0saker

than Bjomebekk in Norway for the years 1990 - 1995, (Lundekvam and Skoien,

1998). The particle concentration in the surface runoff at 0saker was 40-60% less

than at Bjomebekk from 1990-1995, which show that the 0saker soil was less

erodible. The greatest erosion differences were found in aggregate stability, organic

matter content and infiltration rates.
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2.1.1.1 Aggregate stability

Aggregate stability is the resistance of soil aggregates to failure when subjected to

disruptive forces. Bryan (1974) and Luk (1979), found indices of water-stable

aggregation (WSA) determined from wet sieving to be highly correlated with soil

loss from laboratory erosion plot experiments. These correlations suggest that, as

aggregate stability increases soil erodibility decreases. Briefly, the two-phase method

involved shaking 10g of 2.00-4.00 mm air-dried aggregates with 100 ml of water

with a wrist-action shaker. Shaking was followed by gently washing the samples

through a nest of sieves to isolate the WSA fractions in the aggregate diameter ranges

2.00-4.00, 1.00-2.00, 0.25-1.00, 0.063-0.25, and < 0.063 mm. From these data three

indices of water stable aggregation were computed, the geometric mean aggregate

diameter, percent of water-stable aggregates greater than 0.25 mm (WSA fraction >

0.25 mm), and WSA fraction < 0.063 mm.

Ziegler and Giambelluca (1998) used aggregate stability as an index for relative

strength of the surface soil. They took 5-9 measurements at many locations using a

pocket penetrometer. Then they separated soil sampled from the upper 3 cm using a

Tyler (Mentor, OH) Ro-tap sieve shaker to estimate the geometric mean aggregate

nest of sieves to isolate fractions into the following aggregate size ranges: 2.00-4.00,

1.00-2.00, 0.25-1.00, 0.063-0.25, and < 0.063 mm. After shaking, they removed

visible rock fragments from the two largest sieves prior to massing. They calculated

GMAD using the method defined by Kemper and Rosenau (1986). In addition, they

diameter (GMAD) of the material at each site. The samples were shaken through a
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calculated two soil credibility indices from the sieved samples, the aggregate fraction

ignition (LOI) as a proxy for organic matter content. Briefly, for this technique, they

oven-dried 30 g of finely ground aggregates at 105 °C for 24 hours, then it dried in a

muffle furnace at 400 °C overnight. The LOI values were determined as a ratio of the

mass lost through ‘muffle-drying’ to the oven dry mass.

Soil moisture2.1.2

The gravimetric method is accomplished by collection of soil samples from various

depths and locations in a field is the simplest, most widely used and probably the best

method for measuring soil moisture (Jensen, 1983; Gardner, 1986; FAO, 1988). In

this method, the soil sample has to be placed in an airtight container (such as

aluminium, metal can or glass jar) and sealed immediately to prevent the loss of

moisture en route to the laboratory. The moist samples are then weighed, dried to

constant weight in an oven at 105-110 °C and reweighed (Gardner, 1986). The

difference in weight is due to the loss in water and is divided by the oven dry weight

of the soil to give the percent of moisture on a dry weight basis. When this method is

used, samples are usually taken at several locations in the field and composited, to

indicate the average soil moisture content (FAO, 1988). The samples can be obtained

by use of a soil tube, which gives soil cores of approximately equal volume, or by

one of the many types of augers, which permit sampling at different depths. A shovel

or a spade can also be used if proper precautions are taken to ensure a representative

sample (Gardner, 1986). This method is laborious and time-consuming unless only

>1.0 mm and the aggregate fraction < 0.063 mm. Then they determined loss on
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the surface soil is sampled. If the samples are composited, each of the sub-samples

making up the composite should be approximately the same size (FAO, 1988).

There are various devices used to measure soil moisture without the drudgery of soil

sampling. Some of these devices are the tensiometer, porous electrical resistance

blocks and the neutron probe (Jensen, 1983; James, 1988). Tensiometers and gypsum

blocks are often used together. Tensiometers characterise wet soil and the gypsum

blocks characterise tensions less than about -1 atmosphere (Jensen, 1983; James,

1988). The neutron probe determines water content on a volume basis when a fast

radioactive neutron source is lowered down a previously installed access tube

(Romwell, 1994). These instruments are commonly used by trained technicians and

irrigation scientists as irrigation scheduling tools. Before use, tensiometers, gypsum

blocks and neutron probes have to be calibrated by soil moisture sampling.

Calibration can be done based on soils with known moisture contents.

2.1.2.1 Field capacity

Field capacity can be determined by securing a moist soil sample 2 to 3 days after the

soil has been wetted by a rain or an irrigation (Klute, 1986). Then, the percent

moisture can be obtained by drying the sample in an oven and determining the

moisture loss. In securing the soil samples, certain precautions are necessary: (a) the

soil must have been saturated within 1 to 2 days’ duration, (b) the internal drainage

the soil type, (c ) the water table should not be high such as to hinder real field

must essentially be completed by leaving an allowance of 1 to 2 days depending on
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capacity to reach, (d) if plants are growing on the soil, the samples should be taken

before the roots have absorbed water in sufficient amounts to reduce the moisture

level below the field capacity and, (e) if the sample includes the surface soil, no

moisture should be lost by evaporation (Jensen, 1983).

One of the laboratory procedures for measuring the water holding properties of a soil

is the moisture equivalent (FAO, 1988). With the moisture equivalent method, the

moisture held in the soil against gravity may be described in terms of moisture

tension (FAO, 1988). Tension values may be expressed in equivalent atmospheres or

height of water column in centimetres. In converting soil moisture tensions to

clay soil retains moisture under a tension of about 1/3 atmosphere, or a water column

height of 300 cm, whereas sands may be as low as 0.1 atmosphere or a water column

height of 100 cm. This procedure is often used to estimate the amount of water a soil

holds at field capacity. Moisture equivalent provides a quick and convenient method

for estimating the field capacity on a large number of soils where it would not be

practical to make direct measurements.

The pressure plate or sand kaolin box, is another laboratory procedure for estimating

field capacity and the most favoured procedure at the present time (Gardner, 1986).

The pressure or suction, applied to a saturated soil, is one tenth or 0.1 atmospheres

for sand, to one third or 0.3 atmospheres for clay, and the moisture remaining in the

negative pressure of 1000-cm height of water column. At field capacity a loam or

equivalent atmospheres one atmosphere is approximately equal to suction or a
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soil after equilibrium has been obtained is approximately the field capacity (FAO,

1988). Sometimes soil moisture tension is expressed in pF-value; pF-value is the

logarithm to base 10 of the height of water column measured in centimetres (Klute,

1986). Field capacity is in the range of pF 2 to 2.4 (FAO, 1988; James, 1988).

2.1.2.2 Permanent wilting point

Permanent wilting point of the soil can be ascertained under field conditions, but

usually the determination is made in the laboratory. According to FAO (1988),

permanent wilting point is determined under field conditions by growing plants on

soil that has been wetted to field capacity. When the plants have nearly reached their

maximum vegetative growth, water is withheld and the plants are allowed to wilt. At

this time the soil is sampled and dried in an oven at 105-110 °C and the moisture

determined. Certain precautions must be observed: (a) the soil sample must be within

the depth of rooting, (b) plants having poor root system must be avoided and, (c) the

upper 15-cm thick soil surface will be below the permanent wilting point because of

water lost by evaporation.

With the pressure-membrane apparatus for the determination of the permanent

wilting point, the principle is the same as for the pressure plate apparatus for the

determination of the field capacity (Romwell, 1994). In determining permanent

wilting point much higher pressures are required (14 to 15 atmospheres - equal to a

suction or negative pressure of a water column 1.5 x 106 cm high (pF = 4.2)), (Klute,

1986). The pressure for the 15-atmosphere percentage must be maintained for one to
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two days, or until hydraulic equilibrium has been approached. For soils high in clay

content, a longer pressure time may be required (Romwell, 1994).

2.2 Extent of the area covered under indigenous irrigation systems and

methods used for mapping them

2.2.1 Area covered

The 1990s have heralded a period of renewed activity and change for indigenous

irrigation systems in Mountainous areas (Shrestha and Katwal, 1992). Primarily,

these changes have come in response to the effects of such indigenous systems on

land (Shrestha and Katwal, 1992; Verma and Partap, 1992). Although there is

evidence of continued vitality of proven ways to solve problems, and of carefully

adjusting new systems to fit environmental conditions, it is also clear that there has

been both institutional innovation and considerable farmer-initiated experimentation

to modify the previous irrigation management practices or techniques (Vander Velde,

1992).

In Tanzania, indigenous irrigation systems in mountainous areas are found in areas

such as Meru, Mpwapwa, Lushoto and the Uluguru mountains. In the rest of the

Uluguru Mountains field ditches or furrows (mifereji) are commonly used, whereby

at Towero, drag hose sprinkler irrigation systems have started to receive a wide use.

Farmers use drag hose sprinklers to irrigate their fields by taking advantage of

gravitational forces. All sprinklers are normal, but highly localised in use - drag hose

sprinklers. The drag hose sprinkler irrigation system generally requires a smaller
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investment because, the farmer buys a sprinkler and a hosepipe only. Water is

conveyed to the field through a hosepipe, which is attached to a sprinkler. The entire

system can be moved from field to field.

2.2.2 Methods used for mapping and determining extent

In analysing land-cover changes in the Riam Kanan watershed in Indonesia,

Indrabudi et al. (1998) used panchromatic aerial photographs and digital data of

Landsat Multispectral Scanner (MSS) and Landsat Thematic Mapper (TM). They

analysed the remotely sensed data using ILWIS software. They made contour

composites for Landsat MSS and TM data. Visual interpretation followed by screen

digitizing was applied to obtain digital data. The area of each land-cover type was

calculated for each data set and individual results integrated to calculate the rates of

change.

Omar et al. (1998), used aerial photographs to study land degradation of irrigated

areas in Kuwait. They used recent aerial photographs at 1:29 000 to prepare a mosaic

for the Wafra area of Ethiopia at a scale of about 1:17 000. The photos were of a

minimum of about 60% forward and 30% side overlaps. This means that it was

possible to use only the central portions of the photos, thereby reducing distortions

due to relief and tilt. Printing was done on single-weight papers with 1.7065 time

magnification to achieve 1:17 000 scale. The grid co-ordinates used on the map were

based on the Universal Transverse Mercator (UTM) grid zone 38, international

spheroid with a grid interval of 200 m. They used the hierarchical system, devised by
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the US Geological Survey (USGS) (Anderson et al., 1976), in the classification

systems for description of land-use and land-cover. The USGS system attempts to

meet the need for current overview of land use and land cover on a basis that it is

uniform in categorisation at the generalised first and second levels. The categories of

land-use and land-cover developed in the USGS classification system can be related

to systems for classification of land suitability, vulnerability of certain management

practices, potential for any particular activity, or land value, either intrinsic or

speculative. The functions of current land-use are usually associated with certain

types of cover, e.g. forest, agricultural or urban. Thus, the image interpreter attempts

to identify land-cover patterns and shapes as a means of delivering information about

land-use.

Duchhart and Povel (1991) used visual materials such as aerial photographs, aerial

slides and field observations to examine the landscape of an irrigation scheme in

Kano, south - west Kenya. Additional data support was provided through interviews

of farmers and relevant literature. Aerial slides played an important role in accurately

qualifying and quantifying the data. The accurate statistics of the actual land use,

relative areas by sampling. To that end, each slide was projected on a standardised

sample grid of very small unit areas. These unit areas were then specified and tallied

according to their land use. The land use map, including the settlement pattern, was

obtained by projecting the slides on accurate topographical maps (scale 1:10 000).

were obtained by categorising all relevant land-use features and calculating their
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representative cross-section of the project area in more detail).

Malongo (1997) used aerial photographs and topographical maps as the primary

source of information for determination of land use and erosion features of the

Usangu irrigation project, in Tanzania. Malongo (1997) delineated the independent

unit area of upstream of the project on the topographical map based on natural

drainage. Land use and erosion features were then stereoscopically mapped from the

central portion of the photographs directly on a piece of transparent overlay. The

measurement of areal extent of land use and erosion features of the catchment was

then carried out by direct planimetering from the maps and aerial photo

interpretation. The area of land use and gully measured in two maps were used to

determine the rate of deforestation and gully expansion.

Eweg et al. (1998) used geographical information and remote sensing technology to

analyse the extent of land degradation and to provide support for rehabilitation

planning in the highlands of Ethiopia. Before starting the fieldwork, a topographical

map 1:50 000 of the study area had to be generated. SPOT satellite imagery was used

to produce the map. The image was then georeferenced with the help of points taken

from the topographical map 1:250 000. The drainage network and the outlines of the

towns were digitised on screen by interpreting the SPOT imagery. Contour lines,

infrastructure and villages were digitized from the 1:250 000 map and transferred to

the 1:50 000 scale. This map, combined with a geometrically corrected SPOT

Slides of one flight line were projected on a scale 1:2 000 (in order to visualise a
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imagery, formed a common base for the fieldwork of all disciplines. In their study, a

field inventory and aerial photographs formed the basis for the geomorphologic

interpretation. The legend of the geomorphologic map was organised in three groups:

geomorphologic units, geomorphologic processes and geomorphologic details.

2.3 Performance indicators of indigenous irrigation systems

2.3.1 Adequacy of irrigation water supply (AIWS)

Adequacy of irrigation water supply is a good indicator of the system’s water

delivery ability to deliver the amount of water required to meet farmers’ irrigation

water requirements. One of the parameters that can be used to evaluate AIWS is

Relative Water Supply (RWS). RWS is a ratio of water supply to irrigation water

requirement that is associated with the crop grown with actual cultural practice

(Nihal, 1992). This ratio is the most crucial factor in design, planning, management

and operation of irrigation systems, whereby, RWS values are obtained from field

measurements (Nihal, 1992; Sakthivadiel et al, 1993).

The RWS concept suggested by Nihal (1992) has proved to be a useful tool in

monitoring and evaluating irrigation water supply at various field levels. Its world­

wide acceptance as a multi-dimensional performance indicator lies in its ability in

evaluating satisfactorily productivity, relative equity and adequacy of irrigation water

supply and distribution (Nihal, 1992; Sakhivadiel et al., 1993).
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The RWS concept however, has proved to be a useful monitoring tool in indicating

the behaviour and decision rules that are associated with the system operation of the

irrigation management personnel and farmers at different periods within irrigation

seasons. For example, according to Gates et al. (1991) for most crops RWS values

equal to 1 indicate that the irrigation water supply meets irrigation requirement, while

RWS greater than 1 implies that irrigated water is in excess of the crop water

requirement. RWS values less than 1 or below 0.8 indicate deficiency or inadequate

irrigation.

For paddy rice, during the paddy crop growth period RWS values approximating to 2

show the monitoring levels of secondary canals, day time and limited communication

between system managers and farmers and relative farmer independence while values

greater than or equal to 2.5 indicate system with minimal operational control at the

main system distribution level (Sakthivadiel et al., 1993).

Despite its numerous advantages, the RWS concept has some few weaknesses, which

may be overcome by the use of Cumulative Relative Water Supply (CRWS) as

explained by Sakthivadiel et al. (1992). CRWS is the cumulative RWS over a given

time interval.

2.3.2 Equity of irrigation water supply (EIWS)

Equity, or spatial uniformity of water distribution, is one of the aims of the farmers

organisation in any irrigation scheme (Abernethy, 1986). This is due to the fact that
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the inequity problem may occur in any irrigation scheme if measures to avoid it are

not taken in advance.

Equity of irrigation water supply can be defined as the delivery of a fair share of

irrigation water to all irrigators throughout the system (Bhutta and Vander Velde,

1992). Its concept deals with supply of irrigation water among irrigators in a fairly

equal and just manner.

Inequity of water distribution can occur within the field, between users of the same

field channel or between the flow issued from the main system to distributaries or to

field channels. Some studies carried in Asia and Africa have shown that variation in

water supply may be due to the nature of supply, design faults, poor maintenance of

canals and drains, construction faults and management faults (Vander Velde, 1992).

According to Abernethy (1986), the degree of inequity is mostly readily

demonstrated through the Inter-Quartile Ratio (IQR). This measure compares the

performance of the poorest performing quartile and the top quartile along a channel.

However, it is preferred to take the average depth of water received by all land in the

best quarter divided by the average depth received in the poorest quarter. This is

termed as the modified inter-quartile ratio (I2).

The modified inter-quartile ratio provides a satisfactory measure of equity and

facilitates communication among irrigators involved in the inequity problem (Vander
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Velde, 1992). For example, if 1=2 it implies that the farmer in the best quarter got 2

times as much water as those in the least favoured quarter. However, the use of this

indicator is restricted to variables that have a zero as minimum (Abernethy, 1986).

According to FAO (1989), Uniformity of Christiansen’s Coefficient (UCC) is

another parameter used to quantify inequity. This parameter has the advantages that it

is easy to compute its value range from zero to unity. When UCC is zeroing the

degree of inequity is high and there is totally no uniform distribution of water and

vice versa when it is unity.

Although IQR and UCC offer simple computations and reveal non-uniformity in

water distribution and supply among irrigators, at the farm level the concept of RWS

and CRWS give better representation of inequity situation (Abernethy, 1986).

The Coefficient of Spatial Water Distribution (CSWD) is another parameter used to

quantify inequity. This parameter has the advantages that it is easy to compute. Its

values range from 1 and above. CSWD is computed by dividing the smallest RWS

value by other RWS values. Whenever CSWD values are different, the degree of

when they are equal.

inequity is high and there is totally no uniform distribution of water and vice versa
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2.3.3 Crop yield measurements

Yield per cubic volume of water is one of the most useful indicators in assessing the

technical efficiency of use of water (Nijman, 1992). This performance indicator

reveals farmers’ technical efficiency in utility of irrigation water supply. Besides its

ability to reveal irrigators’ technical efficiency in irrigation water utilisation; it has

been reported that specific yield is nowadays widely used in place of yield per

irrigated area. The term specific yield means the weight of crop produced per volume

of water issued (kg/m3). In this study, specific yield per unit irrigated area were

adopted to indicate the farmers’ technical efficiency in irrigation water utilisation.

2.3.4 Determination of irrigation efficiencies

When determining the performance of a farm irrigation system it is often useful to

examine the efficiency of each system component. This allows components that are

not performing well to be identified. As suggested by FAO (1989), the overall

system efficiency is the product of the following efficiencies:

E, = l(Ej(EJ( EJfEJfEJfEJ}100 (1)

Where,

overall irrigation efficiency in percent;E;

root zone storage efficiency in percent;Er

conveyance efficiency in percent;

application efficiency in percent;Ea

Ee
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water-use efficiency;

water-distribution efficiency;

consumptive-use efficiency,

For practical purposes, when calculating the overall efficiency, some efficiency

components can be assumed to be 100% and hence deal with a few of them (James,

1988; FAO, 1988, 1989)

2.3.4.1 Conveyance efficiency (Ec)

Water conveyance (Ee) is the ratio in percent, of the amount of water delivered by a

canal or pipeline, to the amount of water delivered to the conveyance system. James

(1988) suggested the following relationship when computing conveyance efficiency,

Ee:

Ec = (Wf/WJ100 (2)

Where,

Conveyance efficiency in percent;

volume of water delivered by conveyance system (i.e., outflow) (m3);”7
volume of water diverted from the source (i.e., inflow) (m3).

A

Ec

E'U



23

The rate of flow passing a point in a pipe or open channel is determined by

multiplying the cross-sectional area of the flow section at right angles to the direction

of flow by the average velocity of water:

Q = (An)Ve (3)

Where:

discharge rate (m3/s);Q

channel cross-sectional area (m2);

velocity of flow (m/s).

The cross-sectional area is determined by direct measurements. The velocity is

generally measured with a current meter. Approximate values of rate of flow may

also be obtained by the float method (Michael, 1978). Details velocity measurements

using current meters and float methods are well covered in Linsley et al. (1988) and

Michael (1978).

stopwatch and a calibrated container to measure discharge. James (1988) recorded

time taken to fill one container and calculated the volume by the following

relationship:

Vo = 0^/A: (4)

An

In order to determine flow measurement in open canals, James (1988) used a

Ve
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Where,

volume of flow (m3),

Q volumetric flow rate (1/s),

time interval (min.), andAt

is a unit constant. (A=16.67 for V in m3 and Q in 1/s).k

2.3.4.2 Application efficiency (2?a)

FAO (1985) defined water application efficiency for an irrigated area (£„) as the

ratio, expressed in percent, of the volume of water beneficially used by the crop to

the volume of water delivered to the area. Application efficiency can be computed for

each field of the farm as follows (James, 1988):

Ea — (Ws/W^100 (5)

Where,

application efficiency in percent;

volume of water beneficially used by crop(s) in an area (m3);

volume of water applied in an area (m3);

2.3.4.3 Root zone storage efficiency (Er)

FAO (1988) defined the adequacy of irrigation as the percent of the field receiving

‘profitable’ level. When the desired depth of irrigation fills the soil to field capacity,

Ea

Vo

sufficient water to maintain the quantity and quality of crop production at a
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storage efficiency is often used as an index to adequacy (James, 1988). FAO (1989)

and James (1988) suggested the following equation when computing Er

Er = (Ws/W,)100 (6)

Where,

amount of water stored in the root zone during irrigation (cm);

amount of water required to fill the root zone to field capacity (cm);

The rate of soil erosion due to indigenous irrigation2.4

Sediment load in irrigation canals2.4.1

Two types of suspended material are carried in irrigation canals at Towero: canal-

derived material and material eroded from slopes (Bhatia and Ringia, 1996).

In Tanzania, Rapp (1977) measured suspended material in the Morogoro river using

hand operated sediment samplers. Most of the sediment measurements were made

with a point integrating, hand operated sampler of the Uppsala type. The device takes

a one-litre sample and is easily constructed from readily available materials. During

the first minutes of high flood, the samples had about 2 to 3.5 g/L of sediment.

Evidently, this washed material was from the streambed which most likely were

material washed from slopes of the Uluguru Mountains.

installed in the Msalato catchment in Tanzania. This sampler was put on the bed of

An automatic sampler of the Hayim 7 type, which takes one-litre samples, was
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the channel whose, which was sandy in nature. The Hayim is primarily designed for

desert streams, where floods are violent and short-lived. When checked after two

flash floods, the sample bottles contained sediment, ranging from 15 to 75 g/L.

Analysing the sediment samples in the laboratory, Djorovic (1977) and Lundekvam

and Skoien (1998) filtered one-litre samples through ‘whatman’ filter paper No. 40.

determined as the difference of filter paper weight before and after filtration.

According to Lundekvam and Skoien (1998), this method is rather inaccurate when

the sediment concentration is low, but acceptable when the concentration is higher

than 1 000 g/m3.

Since bed silt is static, and suspended silt is dynamic Khushalani (1990)

differentiated ways of sampling silt from those of sampling bed load by using bottle

samplers to find the quantity of silt content in water. Using silt samplers, samples of

water were collected from various depths along several sections in a cross-section.

The water was then filtered and the residue dried and weighed.

The use of silt samplers can cause errors if the observer is not experienced.

Judgement of the time required to fill the sampler at various depths determines the

magnitude of the error. For instance, Khushalani (1990) found that if the silt contents

of one litre bottle after 12 minutes was found to be 0.294 g, the quantity of silt

increased to 0.518 gm if it was kept open for a total time of 60 minutes. Therefore,

After drying the filter paper, the concentration of suspended sediment was
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even with the best efforts, the bottle sampler was likely to give erroneous results.

Another objection against this sampler was that, it caused turbulence at the point of

sampling, which vitiated the results. To counteract this deficiency, an improved type

of sampler, that overcomes both these difficulties, was developed by Punjab

Research Station in India.

Khushalani (1990) proposed a different method of taking bed silt samples from that

of taking suspended silt samples. The apparatus developed by the Punjab Irrigation

Research Institute consists of an eccentrically mounted scoop made from an iron

sheet which on being rotated digs into the bed and takes a bit of bed material which is

protected from being washed by a cowl made of thick iron sheet. Before the sample

is taken, the dig has its mouth directed downwards so that when the apparatus is

lowered the scoop is ready for digging. A handle at the top attached to a pulley

carrying an endless wire is then lifted to the surface and the scoop is turned back to

empty its contents.

Djorovic (1977) collected total sediment load (suspended + bed load) using

rectangular metal collectors. One portion of the sediments collected remained in

suspension and, another portion was deposited (settled) in the bottom of the collector.

If the quantity of material deposited was not great and fme-textured, the water in the

collector was agitated with a paddle to disperse the material. Three samples of one-

litre size were taken, filtered and the residue dried at 105 °C and weighed. The

laboratory technique which he used to analyse the sediment samples was similar the
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collector was determined by multiplying the average dry weight of the samples by

the volume of water in the collector. In case there was a large quantity of deposited

sediment or if it was coarse-textured, the collector was drained and the material

weighed. If it was not possible to oven-dry the entire quantity, it was sampled. Three

samplers were taken and weighed before and after oven drying at 105 °C to determine

the water content, which was used to convert the total wet weight of the deposited

sediment to dry the weight.

2.4.2 Splash erosion

Under sprinkler irrigation, splash erosion predominates. According to Lundekvam

and Skoien (1998), soil splash is influenced by many factors including antecedent

soil properties, landform, sprinkler characteristics, properties of overland flow and

vegetation cover.

2.4.2.1 Soil moisture potential and the wetting process

The collision between dry soil particles and sprinkler drops is essentially a collision

between two elastic bodies (Lal, 1990). The energy of the sprinkler drop is

transmitted to the aggregate or soil clod, but the clod may still retain its shape (Park

et al., 1980, 1982). As the clod progressively gets wet, its soil moisture potential

increases, its strength decreases, and its particles are detached and spattered about by

drops later impacting on it (Truman et al., 1990). Quick wetting of dry clods affects

one described by Rapp (1977). The total amount of suspended sediment in the
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their detachability in two ways: through the pressure of air entrapped and by

releasing the heat of wetting (Badrashi et al., 1981).

2.4.Z.2 Entrapped air

The entrapped air on quick wetting can virtually explode, breaking the clod and

spattering soil particles into the air (Bruce-Okine and Lal, 1975; Badrashi et al..

1981). Energy in the form of soil pressure within the soil contributes substantially to

detachment at the soil surface. Badrashi et al. (1981) showed that entrapped air

increased soil detachment by 21%.

2.4.2.3 Heat of wetting

The wetting process also influences soil detachment by altering the energy status of

the soil water system (Lal, 1990). In addition to facilitating a gradual escape of air,

slow wetting changes the energy status of the soil water system (De Ploey, 1971).

The heat of wetting, or the energy released when soil water potential changes from

one energy state to another, plays a significant role in detachment of relatively dry

soil (Farmer, 1973). The drier the soil the greater the surface area, the more heat of

wetting is released, the greater the change in soil strength. Therefore, more soil is

detached per unit energy expended by the sprinkler drop impact (Farmer, 1973). In

addition to the quantity of heat released, the rate at which it is released and dissipated

is important (Farmer, 1973). Fast release causes more soil detachment and splash

(Liebenow et al., 1990).
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Many researchers have observed that some soils are more easily detached when dry

than when moist (Young, 1984; Truman et al., 1990). For example, Bruce-Okine and

Lal (1975) observed that fewer drops were required to disrupt a dry clay clod than a

wet one. Furthermore, the effect of soil moisture potential on detachment depends on

the surface area and hence the particle-size distribution. In general, clayey soils are

more easily detached when at low (more negative) than at high (less negative)

moisture potential (Maene and Chong, 1979). The high detachability of clayey soils

at low moisture potential is attributed partly to the heat of wetting and partly to

entrapped air (Badrashi et al., 1981). The amount of heat of wetting can be computed

from the changes in entropy and enthalpy of the soil water system (El-Swaify and

Dangler, 1977).

2.4.2.4 Shear strength

Soil shear strength is influenced by soil texture and particle-size distribution and

different parent materials (Ghadiri and Payne,

1977, 1979, 1988). Working on some Japanese soils, Ezaki (1985) reported

coarse-grained

decomposed granite, fine-grained composed granite, and a red soil. Ezaki (1985)

proposed sediment yield, soil density and maximum rainfall intensity for a 10-min

period to be the parameters influencing splash.

differs among soils developed on

measurable differences in splash among soils developed on
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Z.4.2.5 Slope gradient

Grosh and Jarrett (1994) measured splash erosion in the laboratory from a 504-mm-

square box filled with disturbed Hagerstown silty clay loam under a simulated 20-

attached to one side of the box, and the other attached to the upslope end of the box.

Similar splash collectors were attached to the opposing sides of the box. After

analysing the results they concluded that in general terms, soil detachment was

independent of slope. Soil splash was, however, affected by slope steepness and the

direction of the sprinkler spray vector in relation to the direction of slope.

Soil particles spattered in the air may move horizontally as much as 1.5 m from the

original location (Morgan, 1978, 1982). During landing under the force of gravity,

the amount of material splashed downslope is often more than that splashed upslope

(Poesen, 1984, 1985). This means that soil can move downslope even if there is no

runoff (Poesen, 1984). However, in windless spray falling on a flat soil, the net soil

movement from an area should be zero (Quansah, 1981). All factors being the same,

net splash from an area may increase with increasing slope steepness (van Asch,

1980).

The amount of soil carried downslope depends on many factors including slope

steepness, drop size, wind velocity, and soil surface conditions, e.g. vegetation cover

or mulch (Lal, 1990; Liebenow et al., 1990). These factors and their interaction are

min, 92-mm/h rainfall at several slopes. They used two splash collectors, one
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responsible for a controversy in the literature regarding the effects of slope steepness

on the amount of splash carried downslope.

Some researchers have observed increased splash downslope with increasing slope

gradient. For example, Lal (1990) established that the amount of splash downhill was

approximately equal to fifty percent plus the land slope percentage. Foster and

Martin (1979) observed that depending on the soil and its bulk density, downslope

splash increased as the slope increased up to 33% but decreased on steeper slopes.

The rate of splash is also time-dependent even during an irrigation event of constant

erosivity. De Ploey (1971) observed an increase in the proportion of material landing

downslope from drop impact with an increase in slope angle. However, there was a

negligible increase between slope angles of 58% and 84%. Bryan (1979) made

similar observations and reported that the quantity of splash downslope peaked

between 27% and 34% slope angle.

Many other researchers have observed either little or no effect of slope gradient on

splash downslope. Fanner (1973) observed only a small effect of slope steepness on

splash even with slope ranges of 2, 18, and 32 percent. There was approximately

0.1% increase in creep per unit increase in percentage of slope. Morgan (1978)

observed no relationship between percentage of downslope splash and slope

steepness because only a small portion of the irrigation energy contributed to splash

erosion. He concluded that splash is so small that its major role is to detach soil
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particles before overland flow removes them. Quansah (1981) also observed a

negligible effect of slope steepness on splash.

2.4.2.6 Sprinkler characteristics

Soil splash due to irrigation is related to irrigation water amount and intensity, i.e. its

application rate (FAO, 1988). For a given amount of irrigation water, high intensity

spray produces more splash than irrigation at lower intensity (Jensen, 1983). High

intensity is related to relatively big dropsize and number per unit area per unit time.

Lal et al. (1980) reported a significant correlation coefficient between sand splash,

intensity and irrigation amount.

2.4.2.7 Drop size distribution and kinetic energy

Soil splash depends on the kinetic energy of the impacting water drop, and hence on

its size (Maene and Chong, 1979). The physical characteristics of impacting drops

affect the quantity and nature of soil material detached. The drop size and terminal

velocity influence the kinetic energy. The size of the soil particle displaced depends

on the terminal velocity of the impacting drops. There is a threshold impact velocity

below which soil particles are not displaced by drop impact (Lal, 1990).

It is widely accepted that the kinetic energy of impacting drops is the predominant

factor responsible for soil splash. Young and Wiersma (1973) reported that

decreasing the drop impact energy by 89% without decreasing the intensity,

decreased soil losses by 90% or more, indicating that the impact energy of a water
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drop is the major factor that initiates soil detachment. Ghadiri and Payne (1977,

1979) also concluded that the breakdown of crumbs was related to the drop diameter

and to the square of its velocity, that is, the kinetic energy.

The most suitable expression of the erosivity of a sprinkler spray is an index based on

the kinetic energy of the spray (Hudson, 1981). Thus the erosivity of a single

sprinkler irrigation event is a function of its intensity and duration, and of the mass,

diameter and velocity of the falling drops (Hudson, 1981). Wischmeier and Smith

(1978) obtained the following relationship between kinetic energy and rainfall

intensity:

KE = 11.9 + 8.7 logl01 (7)

Where, I is the intensity (mm/h) and KE is the kinetic energy (J/m2/mm).

2.4.2.8 Wind-driven sprinkler spray

Soil detachability by a wind driven spray differs from that by a windless spray (Lal et

aL, 1980). By adding a horizontal component, wind alters the vertical component of

the vector. A water drop falling vertically through wind gradually gains horizontal

velocity until it reaches a state where its horizontal velocity component is equal to

the wind velocity (Wischmeier, 1975; Wischmeier and Smith, 1978). The wind

velocity also influences the size and shape of impacting raindrops, as well as their

terminal velocity, by altering the resistance of air or by breaking large drops into
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smaller droplets (Wischmeier, 1975; Wischmeicr and Smith, 1978). Lal et al. (1980)

showed that 73% more soil detachment occurred at a wind velocity of 13.4 m/s than

with windless spray.

Boardman (1991) and Bolline (1978) reported that soil detachment from clods

exposed to a wind-driven spray was greater than that caused by similar intensities

without wind; Experimenting in clay loam soils, Lyles et al. (1974) observed that

rainfall waterdrops detached 2.68 times more soil when accompanied by a 25-mil/h

wind than by no wind.

2.4.Z.9 Sprinkler intensity

The effect of cover on soil splash also depends on the sprinkler intensity and canopy

height (McGregor and Mutchler, 1978; Liebenow et al.. 1990). For high sprinkler

intensities, there may be little differences in drop size distribution between the

intercepted and un-intercepted spray. The energy reduction by canopy is, however,

proportional to the spray intercepted (Morgan, 1978, 1982). At low intensities, in

contrast, the canopy intercepts small drops that coalesce on the leaves and fall to the

ground as large drops with much more kinetic energy than the un-intercepted spray

(Hudson, 1995).

The erosive force of sprinkler water drops is determined by the drop size, the drop

velocity, and the intensity and duration of the irrigation (Hansen et al., 1996). Even

light irrigation water drops can cause surface runoff and erosion when water drops
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fall on soils with a limited water storage capacity or infiltration capacity (Oad and

King, 1991). A research conducted in Norway to determine size and intensity of

sprinkler drops revealed typical intensity to be 1-4 mm/h and the mean drop size to

be 0.5-2 mm (Lundekvam and Skoien, 1998). The following relationship has been

used to determine the application rate and other parameters (James, 1988):

=k(Q/a) (8)

Where,

application rate (mm/h)A

sprinkler discharge (L/min.),Q

wetted area of the sprinkler (m2), anda

unit constant. (A: = 60.0 for A in mm/h, Q in L/min., and a ink

m2).

Depth of overland flow2.4.2.10

The ability of a water droplet to cause detachment and soil splash differs when

overland flow is present or absent (Foster and Meyer, 1975; Lang and McCaffrey,

1984; Hansen et al., 1996; Lundekvam and Skoien, 1998). Walker et al. (1978)

observed that water drop impact in runoff flow is important in soil detachment. The

impacting drops in overland flow increase turbulence, which increases both

detachment and spattering of soil particles (Liebenow et al., 1990). Drop impact

transforms hydraulic patterns in sheet flow, generates local turbulence, and may even
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retard flow velocity (Lal, 1990). There are different types of overland flow depending

on the velocity, depth, and changes in flow patterns with time (Truman et al., 1990).

The diameter that causes maximum detachment depends on the depth of overland

flow (Park et al., 1980,1982). Lal (1990) reported that soil splash generally increased

with increased depth of overland flow up to a threshold approximately equal to the

diameter of the impacting water drop. Park et al. (1982) used Palmer’s (1973)

concept and computed splash in reaction to the depth of overland flow. Splash

increased slightly with increasing depth of overland flow to a critical water depth

approximately equal to one-drop diameter; splash then decreased sharply as water

depth increased.

High overland flow and other losses when irrigating encourage waterlogging and soil

erosion, while high deep percolation would encourage leaching of nutrients and

salinity (Kaufmann, 1995; Miller, 1995; Raes, 1996; Tengberg et al., 1997). All these

factors acting on the land for a long time may lead to physical degradation of the land

to levels where it would no longer be able to support crops. This is a good indication

of poor irrigation efficiency (Kaufmann, 1995; Miller, 1995). The knowledge as to

how well an irrigation system is being used (actual application efficiency) is

important when evaluating the effects of an irrigation system. This information can

only be obtained by field performance measurements (FAO, 1985, 1988.1989).
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2.4.2.11 Vegetation cover

The effect of canopy cover on sprinkler-spray erosivity and splash erosion has long

been recognised (Lal, 1990). Vegetation cover may dissipate drop impact and protect

the soil against splash. Vegetation cover alters the volume, drop size distribution,

impact velocity, and kinetic energy of drops reaching the ground (Ghadiri and Payne,

1977, 1979, 1988). A striking example of the protective effect of a cover in

dissipating water-drop energy came from an experiment reported by Lal (1990).

Results indicated that, the average soil erosion over an unprotected plot was 123

times higher than that from the plot with a protective cover.

2.4.2.12 Crop canopy

Effects of canopy cover on soil splash vary among crops depending on foliage

characteristics, canopy height, and ground cover percentage (Wischmeier, 1975).

High rates of soil splash from bare soil and reduced splash by crop cover are reported

observed splash rates of 9 to 40 kg/m2 per year on bare soils, 2 to 18 kg/m2 per year

under sugar beet, and 1 to 4 kg/m2 per year under winter wheat for Brussels Sands

factor of 2 to 9. In Poland, splash rates of 2.0 to 8.3 kg/m2 from a bare soil and 6.2 to

16.2 kg/m2 from a compacted cart track were reported on a loamy soil over 137 days

(Lal, 1990). In the United Kingdom, Morgan (1978) recorded splash rates of 29.0 to

36.5 kg/m2 per year for bare sandy soil and 18.3 and 22.6 kg/m2 per year for sandy

loam soil under cereals.

Series at Hesbaye. Results indicated that crop cover reduced splash erosion by a

even from climates of mild erosivity. For example, in Belgium, Bolline (1978)
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The kinetic energy of drops leads to soil compaction and a decrease in its

conductivity (Lal, 1990). The compaction effect of the compacting raindrop is,

however, modified by the vegetation cover. The vegetation close to the ground

surface offers more protection than that high above.

2.4.2.13 Canopy height

When coalesced, drops fall from large trees they often reach terminal velocity and

have high kinetic energy (McGregor and Mutchler, 1978; Schottman, 1978).

Schottman (1978) observed that the kinetic energy of throughfall under a pine forest

was greater than that in an open field. In Malaysia, Maene and Chong (1979)

observed that rain falling under oil palm consisted predominantly of large drops 3.0

to 3.5 mm diameters. The large drops fall regardless of rainfall intensity and are

obviously formed by small drops’ coalescing. At low intensities and high canopy,

therefore, the rainfall energy reduced by interception is partly offset by the increased

energy from larger drops. McGregor and Mutchler (1978) also have observed

relatively large drops under cotton canopy, although fewer drops reached the soil

surface.

Various models have been proposed to account for canopy cover effects on

throughfall erosivity and soil splash. Wischmeier (1975) proposed a canopy subfactor

as the ratio of rainfall erosivity with a crop canopy to rainfall erosivity without a crop

canopy. In southern Africa, Elwell (1981) proposed an exponential decrease in the
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rate of detachment with an increased percentage of intercepted rainfall energy. The

exponential relationship is applicable to all covers in direct contact with the soil

surface. Examples of such contacts are, crops residue mulch (Laflen and Colvin,

1981; Hussein and Laflen, 1982), stone cover (van Asch, 1980), pasture (Lang and

McCaffrey, 1984), and ponded water on the soil surface (Foster, 1982).
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3 MATERIALS AND METHODS

3.1 Description of the study area

3.1.1 Extent, location and agro-ecological zones

This study was conducted at Towero village, in the Morogoro river’s catchment area,

western Uluguru Mountains, in Tanzania. The whole of the Morogoro river’s

catchment area occupies 19.1 km2, of which Towero village occupies about 4.4 km2.

Towero village is located about 7-km south east of Morogoro town. The approximate

geographical position of the area is 6° 58’ S and 37°41’ E, at an average elevation of

about 1380 metres above sea level (m.a.s.l), situated on the catchment area of river

Morogoro, on the western part of the Uluguru Mountains.

There are generally four main local agricultural zones at Towero: forests (mwituni),

home gardens (jalalani), valley bottoms (mabondeni) and lower plain fields

(makondeni), where different cropping systems are practised.

The study area is essentially mountainous consisting of steep and deep valleys of

varying slope gradients ranging from 10% to more than 100% (Kilasara and

Rutatora, 1993). The altitude ranges from 700 to 1390 m.a.s.l, at Morningside

(Nyingi and Bhatia, 1996). Small narrow valleys, steep hillsides with perennial

streams, and intensive farming along the slopes characterise much of the land. Owing

to these numerous peaks, streams, ridges and depressions, the total surface area is
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probably two to three times that of its plain surface area (Kilasara and Rutatora,

1993).

subsistence farming of maize, beans and from selling vegetables and fruits to urban

markets. In most areas, subsistence agriculture is carried out on steep slopes, right up

to the lower forest edge. The population density of Towero village is slightly greater

than 150 persons/km2 while the annual population increase is 2.8% (Kilasara and

Rutatora, 1993). Further background information including topography, geology,

soils, climate, vegetation, history of land management and previous conservation

efforts are given in Lyamuya et al. (1994). Figure 3.1 shows the location of Towero

village in detail.

Climate3.1.2

The climate of Towero is generally favourable for growing most of the upland crops

and vegetables. During the dry season priority is given to the production of

vegetables under indigenous irrigation systems. During this research, only those plots

which were planted with leeks (Allium ampeloprasum L.) were selected for the study

because leek was the dominant vegetable crop grown at that time.

The area is mostly inhabited by the Waluguru people who depend mainly on
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Location map of Towero villageFigure 3.1
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Rainfall at Towero varies from 890 to 2392 mm per year (Bhatia and Ringia, 1996).

There arc generally two rainy seasons punctuated by a dry season, although in the

upper parts of Towero there may be some rain every month. The long rains (Masika)

usually fall in the period February to June the dry season (Kiangazi) follows between

July and September, and the short rains occur in the period October to January.

3.1.3 Hydrology

The major sources of irrigation water for Towero farmers are the Kikundi, Mlali and

Mwere rivers. These are tributaries of River Morogoro, originating from springs

scattered in the northern national forest reserve. The characteristic flow of all these

rivers is perennial.

Agriculture is the main economic activity of the people in Towero village. Much of

the area is not well suited for agricultural production because of its mountainous

nature. In the flat places, there is potential for a broad diversification of both food

and cash crop production which would in turn boost income and employment. Road

accessibility is a serious constraint and one which contributes to other problems

including the export of agricultural produce. Slash-and-bum, shifting cultivation and

reduced fallow periods due to land scarcity are common in Towero village.

3.1.4 Land-use
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The main food crops include maize, bananas, sorghum, cassava, sweet potatoes,

beans, pigeon peas, peanuts, cow peas, soybeans and round potatoes. A variety of

vegetables such as cabbages, onions, leeks, parsley, beetroots, tomatoes, amaranth

and spinach are grown. Fruits grown include avocado, citrus, pineapples and

mangoes. Fruits and vegetables serve a dual purpose as both food and cash crops.

As a result of population increase farmers need more land to meet their food and cash

demands. Additional land is scarce and this is a major reason why villagers push

more and more into marginal lands including forests (Kilasara and Rutatora, 1993).

The system of land ownership and tenure in the village of Towero is based on lineage

systems and this often leads to parcelation, inequitable distribution, land scarcity and

poor land management (Lyamuya et al., 1994). While some families suffer from a

shortage of land, others hold land, which is not in productive use. Some farmers are

tenants, paying in cash or kind, and they are restricted from practising permanent

land development including the planting of trees (Nyingi and Bhatia, 1996).

Data collection3.2

Data for this study was collected from drag hose sprinkler irrigated leeks fields

owned by the fanners. Irrigation was carried out using drag hose sprinklers whereby

water pressure was obtained from gravitational force. These sprinklers were capable

of irrigating an area (swath) ranging between 10-12 m radius per irrigation event. The

study field slopes were randomly selected on six slopes as shown in Table 3.1:
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Table 3.1 Details of study fields

Block name Slope (%)

3A 84
5B 70
6C 65
2D 24
215E
46F

& Refers to the number of sprinkler stations or area wetted by one sprinkler.

There were different replications for each block because each block had different

numbers of sprinkler stations - hence varying in sizes. In the six blocks, a different

farmer owned each block. Despite study blocks being at different slopes and

ownership, field conditions were the same: (a) planted only one type of vegetation -

leeks (b) all under drag hose sprinkler irrigation and (c ) all blocks were under the

same tillage methods whereby ridges and ladder terraces are used. Farmers’ routine

programmes like duration and interval of irrigation were not interfered with in order

to study real field conditions. Fig 3.2 shows a sketch map of the locations of the

fields that were under investigation.

Number of replications*
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3.2.1 Determination of the increase in agricultural area

A field inventory and aerial photographs formed the basis for the land use

interpretation of Towero village. Two versions of aerial photographs, which covered

the village of Towero, were used to produce land-use/land-cover maps. One version

both at a scale of 1:12 500 was photographed in July 1964 and the other in July 1992.

The land-use/land-cover maps were then stereoscopically mapped from the central

portion of the photographs directly on a piece of transparent overlay.

The land-use/land-cover map of 1999 was produced after conducting a traverse.
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transferred to the map of 1992 at the same scale. In this way, a complete land cover

map of 1999 was finally achieved. The three different land cover maps were then

overlaid and the land-use/land-cover changes detected by comparison. Measurement

of areal extent of land use was carried out by direct planimetering from the maps.

After drawing land cover maps, the maps were georeferenced with the help of co­

ordinate points taken from the field. The grid co-ordinates used on the maps were

based on the UTM grid zone 37. Thereafter, the drainage network and the outlines of

the settlements were digitized at 1:12500 scale, and mapping units identified by

different colouring. Finally, complete land-use/land-cover maps were printed.

3.2.2 Soil sampling and analysis

Random selection of sampling points was done within the leek plots, making sure

that the points were representative. Then, grass was removed from the soil surface

ready for sampling. Several vertical soil pits were opened and soil samples taken at

10 cm, 20 cm, 30 cm, 60 cm, 80 cm, 100 cm and 120 cm. The reason for sampling

soils to a depth of 120 cm was to see whether there were any losses of irrigation

water due to deep percolation. This was being done at the start of every irrigation

round.

Dry bulk density (pb) of surface soil was determined as the ratio of dry mass to bulk

volume of the soil, after oven drying for 24 h at 105 °C. For determination of soil

textural classes, samples were taken at several locations in each particular field, at
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different depths (as per the sampling depths indicated), and composited to indicate

the average soil texture. Particle size distribution was determined using the

determined by use of the wet-sieving method (Kemper and Rosenau, 1986).

In order to measure soil moisture content, the gravimetric method was used (Gardner,

1986). Soil samples were placed in an airtight aluminium container and sealed

immediately to prevent the loss of moisture en route to the laboratory. The moist

samples were weighed, dried to constant weight in an oven at 105 °C cooled and re­

weighed. The difference in weight, which was due to the loss in water, was divided

by the oven dry weight of the soil to give the percent of moisture on a dry - weight

basis.

Field capacity and permanent wilting point were determined by laboratory methods

using the sand kaolin box and a pressure plate, respectively. For determination of

field capacity, soil samples were put in a sand kaolin box and subjected to a pressure

of 0.3 bar, equivalent to 2.4 pF-value, then re-weighed and field capacity determined

by dividing with initial weight. In order to determine the permanent wilting point, the

soil samples were put in a pressure plate at a pressure of 15 bar, equivalent to 4.2 pF-

value, then re-weighed and permanent wilting point determined by dividing with

initial weight (Klute, 1986). Bulk density was obtained by using the core method

(Blake and Hartge, 1986).

hydrometer method (Gee and Bauder, 1986) while aggregate stability was



50

3.2.2.1 Determination of soil infiltration capacities

The double ring infiltrometer was used in order to measure infiltration characteristics

of the soil. The infiltrometer was driven at least 150 mm into the soil. Enough water

was added in the ring and the water level measured periodically. The depth, water

level drop, and the time of measurement were recorded for each ring. This method is

fully described in James (1983). The data obtained were plotted on a log-log paper

and a line of fit through the data points was determined. The following relationship

was used to determine infiltration rates of soils using the double ring infiltrometer:

f=a1b (9)

where,

infiltration rate of the soil (mm/h),

time since infiltration began (A), andt

a and b are constants.

3.2.3 Determination of adequacy of irrigation

The following relationship was used when evaluating adequacy of irrigation in terms

ofRWS:

For crop growth period:

(IW+RE)/(ETC + L)RWS = (10)

Where:

Relative Water SupplyRWS =
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IV Irrigation Water Delivery (mm)

RE Effective rainfall (assumed as actual rainfall, mm)

ETc Crop evapotranspiration (mm)

L Losses (deep percolation)

The effective rainfall was assumed to be actual rainfall. However, since this study

was conducted during the dry season, no rainfall was received throughout the

growing season despite setting instruments for rainfall recording.

Evaporation rate data were measured by class A pan evaporimeter, which was located

in one of the study plots. Four months daily mean pan evaporation values were used

to calculate daily ETo. ETo was calculated using the pan evaporation method. Then,

the crop water requirement was calculated using an equation suggested by FAO

(1977), as follows:

ETc = kc(ETo) (U)

Where:

crop evapotranspirationETc

crop coefficientkc

reference crop evapotranspirationETo

In order to be able to use the crop coefficient curve for selection of kc values, FAO

(1977) suggested that crop-growing season be divided into four stages:
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(i) Initial stage (20 days) germination and early growth when the

soil surface is not or is hardly covered

by the crop (ground cover <10%)

(ii) from end of initial stage to attainment ofCrop development stage (45 days)

effective full ground cover (ground

cover 70 - 80%)

from attainment of effective full(iii) Mid-season stage (20 days)

groundcover to time of start of maturity

as indicated by discolouring of leaves.

from end of mid-season stage until fullLate season stage (10 days)(iv)

maturity or harvest.

Determination of equity of irrigation water supply3.2.4

The equity of irrigation water was evaluated in terms of RWS calculated over the

crop growth period. The mean RWS values were used to indicate the degree of

inequity between watercourses within a block and inequity between sample blocks.

3.2.5 Assessment of overall irrigation system efficiency (EJ

In order to evaluate the overall efficiency of an indigenous irrigation system

conveyance, Ee, application, Ea, and root zone storage efficiency, Er were determined.

The overall system efficiency (E^ was then obtained by multiplying the individual

efficiencies. Equation (1) was used to obtain the overall system efficiency.
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3.2.5.1 Conveyance efficiency (Ef)

Water conveyance efficiency was determined as a ratio, in percent, of the amount of

water turned into an unlined canal (inflow rate, L/min) to the amount of water

delivered to the conveyance system (outflow rate, L/min). As suggested by James

(1988), a big hole (enough for a 20-L bucket to fit) was dug in the canal and used to

measure canal discharge rates (L/min) both at the entrance and at outlet using a

calibrated 20-L bucket, and a stopwatch. Time taken to fill a 20-L water bucket was

recorded, and the discharge rate was obtained by dividing the volume of the container

by the time required to fill it (L/min, or m3/s). The total volume of flow in a canal

using equation (3).

3.2.5.2 Application efficiency (Ea)

Water application efficiency for an irrigated area (Efl) was taken as a ratio, expressed

in percent, of the volume of water beneficially used by the crop to the volume of

water delivered to the area. Equation (5) was used to estimate Ea. The volume of

water beneficially used by the crop(s) in an area was obtained by multiplying the size

of area irrigated (m2) by the Readily Available Water (RAW, in m). RAW was

obtained from the average soil retention parameters (field capacity, fc, and permanent

in m) and the Maximum Allowable

Deficiency (MAD). The Dn was found by uprooting plants (about two hours after

irrigation) and measuring root lengths using a ruler. This process was done

wilting point, pwp), root zone depth (Z>„,

was determined by use of equation (4), while the velocity of flow was determined
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throughout the growth stage of the plants. The Maximum Allowable Deficiency

(MAD) for most vegetables including leeks, is 0.5 (Raes, 1996). The total gross

volume of water applied in an area was obtained by multiplying the discharge rate

(m3/s) by the duration of an irrigation event (s).

3.Z.5.3 Root zone storage efficiency (£,)

The root zone storage efficiency (Er), was used as an index to adequacy of irrigation

as suggested by James (1988). Er was obtained as a ratio, expressed in percent, of the

amount of water stored in the root zone during the irrigation event (Ws) to the amount

of water required to fill the root zone to the field capacity (W„).

3.2.6 Determination of gross soil erosion due to sprinkler irrigation

Nylon sheets were used to collect splashed-off soil. Before irrigation, the sheets were

laid in the ridge furrows (between cropped-ridges). This method is well described by

Grosh and Jarrett (1994). After each irrigation event, the sheets were carefully

removed and all soil particles were kept in one container. The bulk soil was weighed,

and 1 kg of soil was taken to the laboratory and oven-dried at 105 °C, for 24 hours.

By oven drying the amount of water present in 1 kg of soil was known, the soil was

re-weighed and the final amount of eroded soil was obtained by using ratios.

The starting time and finishing time for each irrigation event was recorded and

irrigation time determined. The size of the area irrigated at each irrigation event was
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calculated from radius of the wetted area covered after a particular event. Each swath

was circular due to rotation of the sprinkler.

Sprinkler discharge was obtained by filling a 20-L calibrated container, and then,

divided by the time spent to fill it (L/s). Equation (8) was then used to determine the

application (precipitation) rate (mm/h). The calculated application rate was cross­

checked with measurements obtained from two rain gauges that were located within

the swath during irrigation events. Sprinkler spray was expressed by an index based

on the kinetic energy of the spray.

3.2.6.1 Determination of net soil loss (Splashed off soil)

In order to determine the net soil loss from the plots, nylon sheets were laid all round

the boundaries of each plot, extending 1.5-m wide beyond the boundaries. Again this

methodology is fully described by Grosh and Jarrett (1994). These sheets were

attached to the upper end (upslope) of each field in order to determine the amount of

soil loss on the upper side of the each field referred to as upslope splash. Similar

sheets were attached to the downslope in order to determine the splashed off soil

through the downslope boundaries {downslope splash), and along the opposing sides

in order to determine loss of soil across the side boundaries referred to as across-

slope splash erosion.
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3.2.6.Z Determination of sedimentation rate

Sedimentation rate in the irrigation canals was determined using the method

described by Lundekvam and Skoien (1998). To find the quantity of sediment

content in water, samples of water were collected from several sections along a canal

by using a 10-1 bucket. The mixture of water and sludge (which had been collected in

the buckets) was stirred until the mixture was uniform; then put into individual bottle

samplers and sent to the laboratory for sediment determination. In the laboratory, a

chemical was added to the mixture and left to stand for 24 hours so that all sediments

could settle. The excess water was siphoned off. The residue was dried in the oven at

105 °C for 24 hours and weighed. In order to get the total amount of sediment carried

in a canal, the percentage of sediment carried in one sampler volume was multiplied

by total canal flow. Equation (4) was used to determine the total volume of flow in an

irrigation canal.

3.2.6.3 Measurement of physiographic features

Slope steepness was measured by using a clinometer; altitudes by an altimeter and

the slope directions were measured by using a prismatic compass. Slope length was

measured by using a 50-m tape measure.

3.2.7 Socio-economic study

A structured questionnaire shown in Appendix 1, was used to get farmers’ opinions

on various aspects of indigenous irrigation activities. Indeed, the use of a

questionnaire as the main instrument in data collection has been blamed of some
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weaknesses associated with it. Blablock and Blablock jr. (1982) pointed out one such

weakness:

“We do not know whether the respondents will tell us how they really feel

and think. They may decide to tell us what they think we want to hear or what

they consider to be a socially approved answer”.

To minimise the magnitude of this limitation, the researcher employed a non-

participant-as-observer technique, unstructured interviews, and informal discussions

with different irrigators in the village. The information was then noted in the

researcher’s diary.

Following a small number of irrigators at Towero, all 22 farmers were interviewed.

In this case, there was no sampling of irrigators.

Data processing and analysis3.3

The overall objective of data analysis was to evaluate the performance of an

indigenous irrigation system at Towero village by quantifying erosion rates,

observing land-cover changes and determining land-use practices that lead to soil

erosion.

Two forms of soil erosion were identified: sediment load resulting from canal scour

and soil loss due to splash erosion, caused by erosive forces of drag hose sprinkler

spray. For the case of soil loss due to sediment load transport, extent was judged in

terms of kg of soil lost daily after irrigating the fields. The magnitude of soil loss due



58

to splash erosion was interpreted based on the amount of soil in kg splashed off the

field (net downslope soil loss) after every single day’s irrigation.

A statistical version of MSTAT package was used to analyse data. Duncan’s New

Multiple Range Test was used to distinguish data by separation of means. Complete

analysed data were judged in terms of statistical significance at 95% confidence level

(ANOVA; P=0.05).

Anthropological data were analysed according to the General Linear Models (GLM)

procedure of the statistical analysis system (SAS 608). Data were coded and means,

standard deviations, frequencies and percentages calculated.

Summarised and condensed data on technical and socio-economic studies are

presented in the next chapter. Averages, standard deviations (s.d), coefficient of

variation (cv), summations, percentages, graphs and maps were obtained to facilitate

interpretation and analysis of the data.
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4 RESULTS AND DISCUSSION

4.1 Extent of the area under indigenous irrigation systems

Results from this study have revealed that between 1964 and 1999 the area under

indigenous irrigation systems has increased from 2.53 ha to 30.90 ha (Table 4.1).

This is equivalent to an increase of 0.81 ha/year.

Nyingi and Bhatia (1996) concluded that the mountains as well as the forest

resources in Towero village have been terribly mismanaged in pursuit of more

agricultural lands. The result of such mismanagement is soil erosion, which has

started to take place at an alarming rate. In this study land use practices and socio­

economic factors were used to address the cause of expansion of indigenous

irrigation activities and their consequent effects on soil erosion at Towero.

Socio-economic factors4.1.1

4.1.1.1 Population explosion

Population increase has resulted in intensification of human agricultural activities at

Towero. One such intensified activity is vegetable cultivation, which is done under

indigenous irrigation methods. In line with population growth, this study has

revealed that the size of settlement areas at Towero is also increasing. As illustrated

in Table 4.1, between 1964 and 1999, the settlement area has increased by 0.83

ha/year. This is equivalent to an increase of 81%. Kilasara and Rutatora (1993)

reported population increases at Towero. They pointed out two factors namely,
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natural population growth and immigration to be responsible for the population

growth.

The size of the settlement area has almost doubled between 1964 and 1999 (Table

4.1). As suggested by Lyamuya et al. (1994), increase in population has resulted in

the decrease in size of plots for cultivation. Earlier studies, which were conducted by

Senkondo (1992) in some villages within the Uluguru Mountains, show the

diminishing available agricultural land per household. Senkondo (1992) estimated

that, the average acreage per family in Mgeta and Mkuyuni areas in the Uluguru

Mountains range between 2.02 to 2.28 acres.

Towero land-use changes between July, 1964 and April, 1999Table 4.1

TitleNo.

44.30 184.51 184.70

29.37 79.40 75.10

2.53 21.91 30.90

In order to combat shortage of food crops and vegetables, farmers have been forced

to cultivate marginal areas, and have left no room for shifting cultivation. From Fig.

4
5
6

1
2 
3

0.00
226.62
439.32

42.70 
0.00 

439.32

44.32 
0.00 

439.32

July, 1964
Area

July, 1992
Area

April, 1999
Area

(ha)
100.50 
36.00

(ha)
46J0
64.70

(ha)
39.30
65.00

Riverine vegetation 
Settlement area 
Cultivated:
a) Rainfed: Cereal crops 

(maize, sorghum, millet, 
rice, etc.)

b) Rainfed: Bushy crops 
(fruits, bananas, cassava 
etc.)

c) Under indigenous 
irrigation systems 
(vegetables)

Fallow land 
Forest
Total
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4.1, it can be seen that about 95% of total irrigated area is located on slopes steeper

than 50%. Cultivation on steep parts has probably accelerated splash erosion and

sedimentation problems.

Population profiles in selected villages of the Uluguru MountainsTable 4.2

Tangeni MlaliKibweTandai BigwaYear KibwayaTowcro

Source: Kilasara and Rutatora (1993)

plant crops even during the dry season. In pursuit of land for irrigated agriculture,

such environmental problems as excessive cutting of trees, setting of fires and soil

erosion have resulted (Lyamuya et al., 1994). Besides clearing land for cultivation,

Bhatia, 1996). Finally, land has been left bare and hence, prone to soil erosion

hazards.

1882
2235
19

1406
2013
43

2827
3386
20

1065
1757
65

3707
3826
3.2

2196
2256
2.7

1644 
n.a

Scarcity of land has forced farmers to resort to irrigated agriculture because they can

more people have been reported to cut trees for fuelwood and timber (Nyingi and

1978
1988 

Growth
(%)

n.a = not available
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Fig. 4.1 Steepness map of Towero village
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Fig. 4.2 Land use map of Towero village 1964
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Fig. 4.3 Land use map of 1992
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Fig. 4.4 Land use map of Towero village 1999



66

4.1.1.2 The village economy and occupation

Another factor leading to expansion of indigenous irrigation agriculture at Towero, is

the nature of economic and occupational activities. This study found that the major

activities for Towero villagers are crop and livestock fanning. Similarly, according to

Kilasara and Rutatora (1993), about 89% of the population in Towero village rely

primarily on agriculture, and especially production of cereals and vegetables. The

extent of increase of the agricultural land at Towero has been presented in Figs. 4.2,

4.3 and 4.4 showing land-uses for the years 1964, 1992 and 1999, respectively. Table

4.3 shows the population distribution on the basis of economic activities in selected

villages on the Uluguru Mountains.

Population distribution on the basis of economic activities inTable 4.3

selected villages on the Uluguru Mountains

Percentage of people involved inVillage

Livestock Commerce Public sectorAgriculture

Cultivation of vegetables in Towero village is a reliable economic activity because

the commodities are always marketable and are in high demand in the neighbouring

urban areas of Morogoro, Dodoma and the City of Dar es Salaam. As shown in Table

Towero 
Tandai A 
Tandai B
Bigwa 
Kibwe
Tangcni A
Tangeni B 
Mlali 
Kibwaya

0 
0 
0 
0 
0 
0 
0 
0 
0

0 
2 
0 
0 
0 
0 
0 
1
0

11 
0 
8 
9 
10 
10 
0 
5 
0

89
98
92
91
90
90
100
94
100________

Source: Kilasara and Rutatora (1993)
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4.4, results of this study indicate that vegetables are more profitable in terms of cash

than cereals. Out of the 22 irrigators who were interviewed during this study, 95.5%

cultivate vegetables because vegetables are a good cash earner. Due to this fact,

farmers have directed more efforts in vegetable cultivation.

Vegetable cultivation at Towero takes place during the dry season. Most farmers

embark on vegetable production after the rain season, usually between March and

June. In order to meet the plant water requirements, indigenous irrigation methods

are used, mostly drag hose sprinklers.

A descriptive analysis of the anthropological study is presented in Table 4.4. The

maximum is 44 years. According to the General Linear Models (GLM) procedure of

statistical analysis system (SAS 608), the age standard deviation is ± 6.4 years. All

22 irrigators are men, out of whom 77.3% are married and 22.7% not married. Of all

the irrigators, 86.4% acquired primary education while 13.6% have not attended any

formal school. The main economic activities done by farmers who practice irrigation

anthropological study is shown in Appendix A and statistical analysis summarised in

Appendix H.

mean age of irrigators at Towero is 27.2 years, the minimum is 17.0 and the

are crop farming and some livestock farming. A sample questionnaire for the
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Tabic 4.4 A summary of an anthropological study indicating responses of

farmers when practising indigenous irrigation at Towero

Questions Responses

Just recently

86.4% 9.1%

Through inheritanceBy renting

0%

0%18.2%

(SAS 608).

(a) The beginning of the use 
of drag hose sprinklers 
for irrigation at Towero

(b) Reasons for preferring
using drag hose 
sprinklers to other 
methods of irrigation 
available_____________

(c) Means of acquiring a 
piece of land for 
irrigation agriculture

(d) Reasons for abandoning 
an irrigation canal

Downslope fields .
0% 

More fertile

Not at all 
86.4%

Middle fields 
0% 

Water availability 
is assured 

81.8%

After the colonial 
rule 

9.1% 
Does not cause 

soil erosion

Once
9.1%

Upslope fields 
100% 

No fear for vermin

0% 
None of the above

45.5%
Fields are fallow

More than once 
43%

From time 
immemorial 

0% 
Less expensive (in 

terms of buying 
costs) 
4.5%

18.1%
The canal gets 

eroded 
81.8%

They are more 
profitable 

95.5%

By clearing 
forests 
36.4% 

Water intake 
points dry up 

18.2% 
They protect soil 
against erosion 

4.5%

90.9%
Easier to manage and 

operate

(e) Reasons for preferring
cultivating vegetables to 
other crops (e.g. cereals), 
under irrigation________

(f) Frequency of fertiliser
application in irrigated
vegetable fields________

(g) Location of fields that are 
more expensive

(h) Reasons for upslope
fields to be more 
expensive than middle 
and downslopc fields____________________________________________________________

Data analysed according to General Linear Models (GLM) procedure of the statistical analysis system 
(SAS 608)
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The use of drag hose sprinklers at Towero started in the 1980s. This was revealed

during this study whereby 90.9% of farmers acknowledged that the use of drag hose

sprinklers started in the 1980s (Table 4.4).

Many researchers have found that the practice of cultivating on steep slopes

aggravates soil erosion problems. It has been observed in this study that, cultivation

and the use of drag hose sprinklers on steep slopes accelerates soil erosion at Towero

(Figure 4.7). However, responses of the reasons for preferring drag hose sprinklers to

other methods of irrigation indicated that 86.4% of the farmers acknowledge that

sprinklers cause less erosion than other irrigation methods, 9.1% consider sprinklers

easier to manage and operate while 4.5% consider sprinklers as less expensive to

buy.

Two forms of soil erosion are caused by indigenous irrigation methods at Towero.

Splash erosion occurred as a result of sprinkler sprays while sediment load occurred

due to water velocities in erodible canals. Similar to findings by other researchers

such as Bryan (1979) and Lundekvam and Skaien (1998), it has been found in this

study that the rates of these forms of soil erosion are influenced by antecedent soil

conditions, land form, vegetation cover, drag hose sprinkler characteristics and land

management.
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Appendices G 1 and G 2 illustrate the problem of sediment load transport in

irrigation canals. Due to high rates of sediment load transport, some canals have

turned into small gullies and hence abandoned. Responses to the reasons for

abandoning irrigation canals showed that 81.8% of the irrigators abandon canals due

to canal erosion whereby canals turn into gullies, 18.2% due to drying-up of intake

points.

4.1.2.1 Forest encroachment and setting of fires

There is a progressive slow deforestation of the forest reserve on the periphery of the

Towero village with an intention of increasing the acreage of agricultural lands.

Apart from increasing the acreage of agricultural land, farmers clear forests so that

they can get more fertile land for vegetable cultivation. Different means of acquiring

pieces of land for irrigated gardens found in this study, have been presented in Table

4.4. These results show that, about 45.5% of the farmers of Towero get land through

inheritance, 36.4% by clearing forests and 18.1% by renting.

As shown in Table 4.1, between 1964 and 1999 the size of cultivated land in Towero

has increased from 76.2 ha to 290.7 ha. This increase is equivalent to 6.13 ha/year,

including land under indigenous irrigation systems. To some extent, the rate of

increase of agricultural land, reflects the rate of deforestation - which is 6.47 ha/year.

The difference, 0.35 ha/year, reflects the rate of fallow land.

4.1.2 Land-use factors



71

Development of indigenous irrigation methods has affected the forests of Towero.

Forest clearance has accelerated the rate of soil erosion in the catchment. For

example, in 1964 the area occupied by forests was 226.62 ha, while in 1999 the area

occupied by forests has been reduced to zero, as indicated in Table 4.1. In Table 4.1

and Figs. 4.2,4.3 and 4.4, the whole area of Towero village has either been cultivated

or partly left under fallow. The forest, which is presently visible on top of the

Uluguru Mountains is not part of Towero’s forest, this is a national forest reserve.

Looking at the extent of irrigated area from land cover maps of 1964, 1992 and 1999

shown in Figs. 4.2, 4.3 and 4.4, it can be concluded that, the development of

indigenous irrigation affects soil erosion because the process of establishing land for

irrigated agriculture involves removal of vegetation.

Another land use malpractice leading to soil erosion at Towero, as far as the effects

of indigenous irrigation practices are concerned, is setting of fires. Responses

presented in Table 4.5 indicate that people use fire during land preparation and, for

controlling vermin and scaring wild animals. Fire removes vegetative cover and

consequently subjects the soil to erosion. The bare land becomes prone to soil

erosion under the action of water, wind and human activities (Hussein and Laflen,

1982). Sometimes, the fires extend into some parts of the natural forest causing

ecological devastation.

Other factors which could have contributed to soil erosion were: the burning of crop

residues or trash which leaves the land bare and poor land preparation practices such
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effective.

Table 4.5 Percentage distribution of respondents according to reasons for

setting fires in selected villages on the Uluguru Mountains

Vermin control Scare wild OthersVillage Land preparation

animals

4.1.2.2 Lack of interest in land and forest conservation

People in Towero village share common habits partly due to historical, social and

political developments and partly due to a package of constraints such as land

shortage, the low technological level of their agriculture and terrain characteristics of

the land. These conditions have contributed to poor economic development and lack

of planned and sustainable management of both the land and forest resources.

Consequently, the Towero catchment is facing a serious level of degradation, which

appears to advance as the population increases.

Towero 
Tandai A 
Tandai B 
Kibwaya 
Kibwe 
Bigwa 
Tangeni B 
Tangeni A 
Mlali

75 
80 
80
73 
69 
88
81 
62 
0

3 
0 
0 
0

31 
0 
6 
0
0

22 
20 
20 
6 
0 
12 
0

33 
100

i 0
I 0
I 0
; 21
I 0
: o

13 
5

______________ 0______________ 
Source: Kilasara and Rutatora (1993)

as scraping of the land surface with a hoe particularly where the burning is not



73

Farmers’ perception on soil erosion and conservation in selectedTable 4.6

villages on the Uluguru Mountains

Village

Interviews conducted by Lyamuya et al. (1994) revealed that the peasants in Towero

village are aware of the degradation of their land and forest resources, and are even

ready to undertake measures to reverse the situation as shown in Table 4.6. However,

by 1993 only 7% of the farmers were practicing conservation measures such as

planting trees in the fields, mulching and terracing. The most probable reasons for the

lack of action towards protection and conservation of the environment may be:

a) To most of them conservation of the environment is equivalent to terrace making,

which is expensive in terms of labour and tools required. Even if the tools were

cheap this activity contradicts their normal land preparation which is based on

minimum work done on the land, and the use of fire to accomplish the exercise. It

might also be true that the conflict which surfaced between the government and

the villagers during the Uluguru Land Usage Scheme (ULUS), and which centred

itself on the terracing issue, is not yet forgotten. To-date farmers still associate

Towero 
Tandai A 
Tandai B 
Kibwaya 
Kibwe 
Bigwa 
Tangeni B 
Tangeni A 
Mlali

100
100
100
86
100
90
88
83
100

7 
9 
0 
0 
0 
38 
15 
0 
0

78
98
71
71
100
64
70
95

__________ 84__________
Source: Kilasara and Rutatora (1993)

% of fanners who
are 

erosion problems knowledgeable of conservation 
on their land soil conservation

measures 
Too
72 
61
85 
95
41
73 
83 
100

% of fanners who % of farmers who 
are aware of soil acknowledge soil 
erosion problems

% of fanners who 
practice soil

terracing with ancient memories, which were accomplished with severe
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punishments, some of which led to deaths of their ancestors, who refused to

adopted the land conservation measure. This was discovered when a team of

researchers based at SUA under the Uluguru Mountain Integrated Soil

Conservation Project (UMISCP) visited farmers of Towero and Magadu villages

in October, 1993. Thus, future land and forest conservation measures need to be

planned while taking into account these facts.

b) The high population pressure and the limited land for agriculture to individual

households have forced the villagers to depend heavily on the neighbouring forest

for timber and fuelwood. Population pressure has forced people to cultivate on

marginal lands such as cultivation on very steep slopes, riverbanks and on the

bottoms of steep slope valleys. Unfortunately, these rural people do not realise

that marginal lands are fragile, needing a lot of care.

land conservation and afforestation of the village land (Bhatia and Ringia, 1996).

Trees are an individual property, virtually unrelated to the land on which they

stand. This, together with the common practice of lending out land for cultivation

of annual crops have limited the process of adopting afforestation or agroforestry

activities. Systems of land ownership and business arrangements, which do not

provide security to the fanner, are a major obstacle to conservation. Among the

incentive to a fanner to invest in long-term improvements. In general, the less

conserving it.

c) The lineage powers over the ownership of the land have a negative impact on

most pernicious of these are short-term land leases which fail to provide an

secure the tenure, the greater the encouragement to exploit the land without
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Performance of indigenous irrigation systems in Towero village4.2

4.2.1 Effects of soil properties on the performance of drag hose sprinkler

irrigation at Towero

Soil texture has an agronomic importance. Agriculturally, loams are the most

important soils as they are ideal for the majority of agronomic crops. Sandy soils are

open, loose and friable, and possess good drainage and aeration. Sandy soils are also

easy to handle in tillage operations.

Soil texture has an important bearing on soil erosion. As found by Ghadiri and Payne

(1988), a fine-textured soil is more vulnerable to erosion than a coarse-textured one.

In Table 4.7, a ‘soil-wise’ and a ‘texture-wise’ description of the textural classes of

clay and clay loam.

Slight soil compaction takes place in sprinkler irrigated fields probably due to impact

of sprinkler drops. In order to loosen the soil farmers till their land prior to planting

and continue to do so repeatedly in due course of the plant growth. As reported by

Ben-Hur et al. (1992) tillage helps to pulverise the soil and makes it conducive for

plant root growth by increasing infiltration rate and soil aeration.

as percentages of the whole sample. Generally, soils of Towero range between sandy

some fields in Towero is shown. Results of particle-size analysis have been described
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Particle-size distribution of some soils of ToweroTable 4.7

Block

39 Heavy Fine Sandy clayA 45

Heavy Fine Sandy clay53 11 32B 4

Moderately fine Clay loam8 13 38C 41

Moderately fine Clay loam40 19 30D 11

Moderately fine Clay loam10 15 38E 37

Fine Sandy clay10 39F 645

In Fig. 4.5, the basic infiltration capacity of cultivated sandy clay and clay loam soils

in Towero was 48 mm/h. This infiltration rate is similar to those suggested by

Maynard (1977) in vegetable cultivated sandy clay and clay loam soils as 46.72

mm/h and 49.00 mm/h, respectively. However, it has been found in this study that

infiltration rates are the same for both sandy clay and clay loam soils. This rate is far

higher than precipitation rates of the drag hose sprinklers which range between 3.8 -

5.0 mm/h. Based on this fact, no surface runoff was observed in all study plots

throughout the growing season.

High infiltration rates and the use of ladder terraces contributed to the non­

occurrence of surface runoff throughout the irrigation season. The non-occurrence of

runoff was also due to the fact that the application ends before all surface depressions

are filled with water. Figure 4.6 illustrates these concepts.

Moderately 
heavy 
Moderately 
heavy 
Moderately 
heavy 
Heavy

Textural term 
(Soil-wise)

Alternative term 
(texture-wise)

Textural 
classification

% 
sand

% 
clay

% 
fine 
silt 

"io"

% 
coarse 

silt 
~6~
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Infiltration capacity curve of Towero soilsFig. 4.5

Line B in Fig 4.5 shows a constant application rate throughout the crop-growing

sprinkled water infiltrated into the soil. There was no possibility of runoff in such

kind of an irrigation system. Apart from sediment load transport, splash was probably

the only form of erosion caused by drag hose sprinkling at the field level in Towero.

Despite the non-availability of runoff, slight ponding occurred whereby ladder

terraces and depressions in the soil surface were filled with water. Depressions in

fields are caused by various tillage operations. The amount of water that accumulates

in depressions and on the soil surface depends on the amount of vegetation and/or

B
......-A

1
1

season. The application rate did not exceed the infiltration capacity of the soil. All

150 200 250

Time (minutes)

-------A....... —a..
o L
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residue. It also depends on the depth and extent of surface depressions as well as the

slope of the soil surface. The presence of vegetation and/or residue, and tillage

operations that leave rough surface tend to delay runoff by increasing the amount of

water that can be stored. Stored water infiltrates slowly into the soil hence

moistening the root zone and, if in excess, the subsoil.

There was strong evidence of soil moisture increase with soil depth during this study.

An analysis of variance (ANOVA) indicated a significant increase of soil moisture

with depth at 95% confidence level, as shown in Table 4.8. Separation of means

using Duncan’s New Multiple Range Test (DNMRT) revealed significant differences

of soil moisture with sampling depth. The increase in soil moisture in the subsoil was

contributed by over-irrigation and higher clay content. Over-irrigation resulted into

deep percolation and subsurface flow. Soil moisture data has been presented in

Appendices B 1 - B 24 and statistical analyses presented in Appendices H 13 - H 14.

Subsurface flow was evidenced by the presence of saturated soils below 0.8 m deep.

Saturated clay loam and sandy clay soils were reported by Raes (1996) to be 44 and

46% (by volume), respectively. Subsurface flow supplements water to the root zone

by capillary rise.
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Tabic 4.8 Moisture variations with depth

Note:

Since study plots were located on sloping areas, the fact that moisture content

increase with depth is attributable to subsurface flow, that is, underground water

movement from upslope to downslope parts. According to Lal (1990), subsurface

flow may be of two types: the low and diffuse matrix flow, also called interflow; or

quick, pipe or tunnel flow. Pipe flow may be initiated by cracks, rills, or animal

burrows on the upslope side, hence providing a macropore network for quick

transmission of throughflow to the downslope side.

The finer the soil texture the greater is its fertility (Urio et al., 1979; Tengberg et al.,

1997). Application of commercial fertilisers is not a common practice at Towero.

The observation is that 86.4% of Towero farmers do not apply fertiliser in their

irrigated vegetable fields, 9.1% apply only once and 4.5% apply fertilisers more than

fertile enough to support crops. Probably this is due to clayey nature of the soils,

which have minimal leaching effect.

once as shown in Table 4.4. This observation suggests that, soils of Towero are

Sampling depth* Mean moisture content*
(m) (% vol.)

0.0-0.2 20.90
0.2 - 0.4 25.02
0.4 - 0.6 29.78
0.6-0.8 36.25
0.8- 1.0 40.38

_______1.0- 1.2_____________________________ 42.08_______________
* Mean moisture content values in every sampling depth arc significantly different according 

to Duncan’s New Multiple Range Test (DNMRT).
" Standard error of the mean for 12 observations was 0.2869, coefficient of variation was 

3.07%.
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4.2.2 Performance of indigenous irrigation systems in Towero village

The performance of the drag hose sprinkler irrigation system was evaluated in six

sites at Towero using five performance indicators: (a) Crop yield (b) adequacy of

irrigation water supply (c ) equity of irrigation water supplies (d) regularity and, (e)

sustainability of irrigation canals.

4.2.2.1 Crop yield

The mean crop and specific yield are presented in Table 4.9. The mean specific

yields for leeks at Towero were ranging between 0.65 - 1.09 kg/m3 while the mean

crop yields ranged from 9.65 - 13.53 tonne/ha (Table 4.9).

Compared to international standard yields of irrigated leeks on farmers’ fields (Table

4.10), yields from blocks A, B, C D and F were in agreement with international

standard values, while the yield from block E was below standard.

Seasonal crop yieldTable 4.9

Block

A
B
C
D
E
F

Mean specific yield 
(kg/m3)

L07
1.09
1.06
1.09
1.01
0.65

Mean crop yield 
Tonne/ha

1153
12.44
12.45
10.85
09.65
11.50
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Table 4.10 International standard crop and specific yields for leeks

Commercial Water utilisation

Rainfed 5-10

Irrigated 10-20 8-1035-45
Source: FAO (1986) and Sys et al. (1993)

There was improper water management since mean specific yields for all blocks were

below standard. This implies that much water was used to produce a small quantity

of leeks. The low mean specific yields reflected poor water utilisation efficiency in

all sampled blocks. Blocks B and D recorded the highest specific yields while block

F recorded the lowest specific yield. The crop yields were high in almost all blocks.

The specific yield obtained in block F was probably caused by water scarcity or

erratic deliveries. High yields could also be due to crop management factors, low

yielding varieties, inadequate weeding, diseases and so on. Any change in water

management or water control practices plays a significant role in instigating

improvement in yields.

4.Z.2.2 Adequacy of irrigation water supply

significant role in improving yields or produce. The concept directs attention to how

completely the needed water has been stored in the root zone during irrigation.

Average farmer yield 

(tonnes/ha) efficiency 

(kg/m3)

yield 

(tonnes/ha) 

14-20

Ability of the soil to store an adequate amount of water after irrigation plays a
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The ANOVA did not indicate any significant difference in root zone storage

efficiency between slopes and plant age at the 95% level of confidence. This implies

that, all farmers had similar habits in irrigating their fields at various locations of

their fields, that is, over-irrigation. With the exception of block E (15% slope), all the

remaining blocks were irrigated beyond storage capacity. Over-irrigation causes

water losses through deep percolation. Deep percolation is finally likely to cause

leaching of nutrients and underground piping, which results into landslides. Table

4.12 shows seasonal RWS during the crop growth period. According to Gates et al.

(1991) RWS values less than 1 may be due to water scarcity or inefficient

management practices. RWS greater than 1 implies that, those fields were over­

irrigated. Crop-water-requirement data have been presented in Appendix C.

A summary of root zone storage efficiency (E,)Table 4.11

Block

100.0 100.0A

100.0100.0 100.0 100.0100.0B
100.0100.0 100.0100.0 100.0c

100.0 100.0 100.0100.0 100.0D
94.7 100.0 98.0100.0 98.2E
100.0 100.0 100.0100.0 100.0F

99.69

Er value for 
the period 

between 0 -

Er value for 
the period 

between 20 -

Er value for 
the period 

between 65 -

Er value for the 
period between 

85 - 95 days 
(%)

Average 
E, 

(%)
20 days 

(%) 
100.0

65 days 

(%) 
100.0

85 days 
(%) 

100.0

Average Er (%)

Mean E, values between plant age and slope are not significantly different according to ANOVA,
P=0.05
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Table 4.12 indicates that all RWS values are greater than 1. Relative Water Supply

values varied between 1.0 and 3.4. According to Sakthivadiel et al. (1992) RWS

values greater than 1 may be due to low water costs - hence over-irrigation and

inefficient water management practices. Generally this range indicates that farmers at

Towero irrigate their fields between 1.0 to 3.4 times in excess of the design crop

water requirements. There is need to alleviate this poor water management practices

at Towero.
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Relative Water Supply (RWS) and Coefficients of Spatial WaterTable 4.12

Distribution (CSWD) in leeks fields

Block

7.30

20.90

16.11

16.56

IW 
(mm)

Total ETC 
prior to 

next 
irrigation 

(mm)

A 
B 
C 
D 
E 
F

A 
B 
C 
D 
E 
F

5.0
4.8
4.3
4.4
4.0
3.9

4.S
4.4
4.2
4.2
3.8
3.8

35.28
31.98
34.79
32.39
33.12
31.60

34.08
34.65
29.82
26.10
24.96
23.37

9.88
0.00
0.60
7.80
0.00
1.80

1.3
1.2
1.1
1.3
1.5
1.5

CSWD’ 
(dimcnsio 

nlcss)

1.6 
2.0 
2.7 
1.0
3.4 
1.9

1.3
2.1
1.8
1.3
1.8
1.7

1.3
1.2
1.1
1.3
1.5
1.5

4.9
4.1
4.9
4.1
4.6
4.0

4.8
4.5
4.2
4.5
3.9
4.1

6.8
7.1
7.0
7.4
7.6
7.9

7.2
7.8
7.1
7.9
7.2
7.9

7.6
7.1
7.2
7.8
8.4
8.2

7.1
7.7
7.1
5.8
6.4
5.7

1.3
2.1
1.8
1.3
1.8
1.7

1.1
1.6
1.6
1.4
2.0
1.3

Sprinkler 
prccipitati 

on rate 
(mm/h)

Duration 
of 

irrigation 
(h)

A 
B 
C 
D 
E 
F

RWS* 
(dimcnsio 

nlcss)

1.6 
2.0 
2.7 
1.0
3.4
1.9

l.l
1.6
1.6
1.4
2.0
1.3

A 
B 
C 
D 
E 

____ F 
Note:

Water 
losses 

through 
deep 

percolatio 
n 

_____________ (mm) 
Between 0-20 days old 

13.96 
10.12 
3.84 
17.92 
0.00 
5.04 

Between 20 - 65 days old 
36.48 
31.24 
30.24 
32.76 
31.92 
31.16

6.40 
4.84 
7.28 
4.64 
0.00 
0.00

Between 65 - 85 days old 
14.60 
3.92 
5.32 
6.72 
0.00 
8.72

Between 85 - 95 days old 
34.00 
34.08 
30.10 
32.56 
30.40

______________________________30.81
* RWS calculated using equation 10.
’ Coefficient of spatial water distribution (CSWD) obtained by dividing the smallest RWS 

value by other RWS values.
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The mean RWS values for the growing season indicate that all blocks received

adequate irrigation water supply (Table 4.12). During the 20-days initial stage,

blocks B, C and E, which are located upstream had higher values compared to the

downstream fields A, D and F blocks. This shows the habit of upstream farmers in

applying too much water in their fields. In the remaining growth stages, no definite

RWS pattern was shown regarding upstream and downstream farmers.

Since there was no runoff throughout the irrigation season, salient water losses were

leaching of plant nutrients and triggering of landslides. Likewise, excessive water in

the soil could weaken soil shear strength and be responsible for occurrence of

landslides at Towero.

4.2.2.3 Equity of irrigation water supply

According to Gates et al. (1991), at the farm levels the concept of RWS gives

adequate representation of the spatial water distribution - or inequity situation. In

this study, the unequal irrigation water supply in leek fields between the blocks is

shown in Table 4.12. The non-uniform irrigation water supply between fields is

indicated by the distribution of the coefficient of spatial water distribution values.

From Table 4.12, a high level of inequity as indicated by the coefficient of spatial

water distribution (CSWD) values was experienced from upstream to downstream

undoubtedly due to deep percolation. The possible effects of deep percolation are
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blocks at the initial stage of the crop growth. At the initial growth stage the lowest

CSWD was 1 while the highest was 3.4. Differences in CSWD indicate inequity.

This means that block E received 3.4 times more water than block D during the first

20 days of plant growth. Although the inequity problem persisted in the remaining

stages of growth, there was no definite pattern between upstream and downstream

fields.

Questionnaire responses indicated presence of inequitable water distribution at

Towero. It was learned that land at the top-end of the system had higher renting

prices than in tail-end areas. Inequity is due to farmers’ habit of diverting water in

excess of the requirement into their fields. This habit causes losses during

conveyance. Water losses caused by upstream farmers during conveyance results into

irregularity of water distribution to downstream farmers. Presence of the inequity

situation was confirmed by the fact that 100% of respondents reported land at the

top-end of the system being more expensive than land at the tail-end areas as shown

in Table 4.4.

The application efficiency (£fl) at each site was estimated using equation 5. The

average Ea of 83.3% was obtained as shown in Table 4.13. This value is within

75% to 100% (Oad and King, 1991).

acceptable range for sprinkler systems in mountainous areas, commonly quoted as
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Tabic 4.13 Water application efficiency (Ee) at different plant growth stages

Block

76.399.7A

100.0 80.4B 98.435.0 88.3

100.0 85.499.4C 52.6 89.6

101.982.4 75.4D 84.932.3

143.5 108.3131.2114.4E 44.1

93.4 74.299.875.1F 28.7

100.6 106.4 83.387.738.7

A strong evidence of differences in application efficiency with various stages of plant

growth was confirmed. The ANOVA performed to compare application efficiency

for different plant growth stages at the 95% level of confidence revealed that,

application efficiency was increasing significantly with plant growth (except for

block F). Figure. 4.6 illustrates clearly this pattern. As plants grew the crop water

requirement increased while the amount of water irrigated remained constant.

The average application efficiency when leeks were between 0-20 days old was

38.7% versus 87.7%, 100.6% and 106.4% when crops were 20 - 65, 65 - 85 and 85 -

95 days old, respectively. Low values of Ea at the time when plants were young (0 -

20 days old) shows that farmers were applying too much water as compared to crop

water requirements at that particular growth stage. Excess water was wasted through

deep percolation. Values of Ea for 65 days plants were higher than those of young

E, value for 

the period 

between 0 -

E, value for 

the period 

between 20 -

E, value for 

the period 

between 65 -

E, value for the 

period between 

85 - 95 days 

(%)

Averag 

eE, 

(%)

20 days 

(%) 

39.3

65 days 

(%) 

73.8

85 days 

(%) 

92.2

Average E, (%)

Mean Ea values between plant age are statistically significant according to ANOVA, P=0.05.
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plants. Since water was constantly applied throughout the growth period, with

increase in crop water requirements due to plant age, losses due deep percolation

decreased.

120

100 .

80 -

60 -

40 .

20 -

65-85 85-9520-65

Plant Age (Days)

Relationship between application efficiency and plant ageFig. 4.6
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Farmers acknowledged that the use of drag hose sprinkler for irrigation was due to

the fact that this is a better method than other methods available at Towero. The

reason behind their choice was based on the fact that drag hose sprinklers apply

water more efficiently than other indigenous irrigation systems available at Towero

(Table 4.4). Another reason of choosing sprinkler irrigation was its ability to apply

water efficiently, hence less erosive.

4.Z.2.4 Irrigation water regularity and reliability

Water conveyance efficiency (Er) was computed as a ratio, in percent, of the amount

of water delivered by an irrigation canal to the amount of water diverted from the

source. As shown in Table E 4 of Appendix E, the overall average Er of 85.22% was

obtained. When considered individually, block C had the highest average conveyance

efficiency followed by B, D, A, F and E, respectively. Blocks C and B had highest

conveyance efficiencies because they were located closer to water intakes than were

D, F and E. Blocks E and F experienced the lowest conveyance efficiency because

they are located farthest from the intakes.

considered, especially reliability. It was observed that farmers’ behaviour and

attitudes towards water delivery were influenced by its reliability. If they felt that

deliveries would occur according to some schedule, they planned their agricultural

activities accordingly. But when experience taught them that the arrival of water was

unreliable, they displayed one of the following two reactions: (a) the farmer who was

Along with regularity, other aspects of the time-distribution of water flows were
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well placed (either possessing

system’s leaders) took more water than he needed, or, (b) farmers felt obliged to use

drought-resistant varieties.

4.2.2.5 Sustainability of irrigation canals at Towero

Facilities for irrigation at Towero are communally shared and hence, benefit many

farmers. Due to continual maintenance efforts, these facilities may last for several

seasons before they erode and hence, abandoned. Traditionally, the general principle

followed in maintenance of the irrigation canals is an annual contribution from all

farmers served, in the form of labour or produce. The principle continues to be

applied, although nowadays a farmer may also contribute cash instead of labour or

produce. Farmers have always striven to control erosion of irrigation canals by letting

grass grow on the canal beds and along the banks. They have also been desilting

canals communally. Due to frequent canal maintenance programmes, irrigation

canals at Towero can last for several irrigation seasons before they are abandoned.

During this study it was observed that it is important to service irrigation canals at

Towero because one of the major causes of their abandonment is soil erosion.

Irrigators at Towero have formed an organisation, which takes care of their day to

day activities. Such activities are: harvesting and transporting crops to the markets,

repair of irrigation facilities, seeking loans for organisation’s members and many

others. For example, during the irrigation season fanners patrol the common portion

of the channel in turn to adjust and clear debris from the channel intake, plug leaks,

an upstream field, or having influence with the
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repair small breaches, and monitor water supply conditions. All these activities are

organised by the leaders.

Similar maintenance measures have been reported in China, Indonesia and Pakistan,

where spring is the time for general annual maintenance (Yanhua et al., 1992). All

the farmers may also participate in a one or two day mid-season desilting operation

(Vander Velde, 1992). Maintenance of lateral or field canals not common to the

system is the responsibility of individual farmers. It is important to devise measures

that will counteract the soil erosion problem in irrigation canals.

Determination of the rate of soil erosion due to indigenous irrigation at4.3

Towero

4.3.1 Aggregate stability and credibility

Organic matter is part of a complex interaction of physical, chemical and biological

reactions that create and maintain a well-aggregated soil (Tisdall and Oades, 1982).

The water stable aggregate (WSA) experiments were conducted on the premise that

planting vegetables every season might decrease credibility on the fields by

increasing organic matter in the soil. Ziegler and Giambelluca (1998) described Loss

on Ignition (LOI) values higher than 7.0% to be high. High amounts of organic

material within cropped sites inferred from LOI data in Table 4.14 suggest that these

and/or enmeshing aggregates through root growth.

areas may be creating greater aggregate stability by producing organic cements
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Table 4.14 Descriptive statistics of soil physical properties at Towero

Block Slope GMADStrength % % aggregates LOIPb

(g/cm3) (kgf/cm2)(%) < 0.063 mm(mm) (%)aggregates >

1.0 mm

LOF 134°0> 0.80bA 84 6.4’45.4*

5.6b1.0dB 70 0.94c 0.89* 46.2’ 15.2’

33.4b 12.9bC 65 7.6’1.17’ 3.8’ 0.88’

0.8 lbD 7.1’ 7.1e24 1.14’ 1.5C

32. lb 7.3’ 7.3eE 0.7 lc15 1.19’

0.6de 46.7’ 6.2’ 6.2eF 6 0.97c

The WSA data, combined with other data of soil physical properties are shown in

Table 4.14. According to Ziegler and Giambelluca (1998), soil strengths greater than

1.5 kgfi'em2 are high, suggesting that the soil is not highly erodible by typical forces

that cause aggregate failure. High values of this index indicate that shear stress must

also be high for sediment detachment to occur. As shown in Table 4.15, in the WSA

experiments nearly 78% of the material remaining after shaking in water and sifting

was greater than 0.25 mm.

A summary of mean values of WSA indicesTable 4.15

Class Value

GMAD (mm) 0.81

WSA fraction > 0.25 mm (%) 77.6

WSA fraction 2.0-4.0 mm (%) 38.6

WSA fraction < 0.063 mm (%) 10.3

0.78b

2.7b

33.7b

Mean values within the same column with the same letter are not significantly different 
according to Duncan’s New Multiple Range Test (P < 0.05).
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According to specifications set forth by Ziegler and Giambelluca (1998), WSA

indices calculated for all fields shown in Table 4.15 are high. Generally, data

obtained in this study indicate that Towero soils are dominated by clay material,

which makes them resistant to detachment by sprinkler spray impact and low

velocity overland flow.

4.3.2 Total canal sediment load transport

Appendix G 2 shows rates of sediment load transport in three irrigation canals in

Towero village. Sediment load transport rates were found to be 0.211, 0.793 and

0.347 g/L in canals A, B and C, respectively. When computed on daily basis, the

daily sedimentation rate in canals A, B and C is equivalent to 22.2, 187.6 kg and 54.7

kg per irrigation event. This loss of soil amounts to a total of 264.5 kg per day.

According to Lal (1990) suspended load, which consists primarily of clays and

colloids, is normally distributed throughout the cross-section of the stream flow. It

sprinkler clogging during irrigation. Suspended soil particles consequently stopped

the sprinkling exercise for a while in the course of irrigation.

As shown in Appendix G 2, canal B had the highest sediment load transport because

it was the longest of all three canals. The fact that canal B is on the steepest slope

may also have contributed to its high sediment load transport. Fanners reported that

during the rainy season sedimentation rate was higher than what was observed in this

was observed in this study that suspended materials were responsible for frequent
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study. High sedimentation rate during the rainy season is probably due to low ground

cover soon after ploughing and crop establishment, and probably due to high

intensity rains.

4.3.3 Soil loss due to splash erosion

Splash data were recorded as splash rates in kg per irrigation event. An irrigation

event refers to a wetted field of an average area of 420 m2, irrigated by one drag hose

sprinkler in an average duration of 7.3 hours.

The Analysis of Variance for the slope effect on downslope, upslope, across-slopc

and gross splash erosion indicated significant differences at 95% confidence level.

This implies that splash rate increased significantly with slope increase. This

phenomenon is shown in Table 4.16 and plotted in Figure 4.7. Statistical analyses for

splash erosion are shown in Appendices H 1 - H 11.

Splash rates for six slopes in Towero villageTable 4.16

Splashed-off soil"

(kg/m2)

Variable* / Slope 6% 15% 24% 65% 70% 84%

0.0215
0.0182
0.0109

0.801c
0.298'
0.368' 
0.503

1.318’ 
0.104d 
0.503’ 
1.214

0.460' 
0.417’ 
0.280d' 
0.043

oeur
0.357b
0.313d 
0.253

0J59® 
0.159d 
0.436b 
0.800

Downslope splash 
Upslope splash 
Across-slopc splash 
Net downslope splash 

Note:
*r ' —........

Duncan's New Multiple Range Test (DNMRT). 
s Mean of 8 observations.

s.e.s

0.310e
0.464’
0.250'
-0.154

" Values are per an average of 7.3 h of irrigation (or one irrigation event).
* Mean values in each ROW with the same letter are statistically insignificant according to
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At the 6% slope, the downslope splash was 0.310 kg, less than the upslope splash of

0.464 kg per irrigation event. This may have been caused by the slight ponding at the

downstream end of the slope. At the 15% slope, there was more downslope splash

than upslope, indicating that slope steepness had more effect on downslope splash

transport for this gradient. Downslope splash was almost twice upslope splash at the

24% slope (0.610 versus 0.357 kg per irrigation event), and as slope gradient

increased beyond 24% downslope splash increased at a higher rate while upslope

splash decreased approaching zero at 70% slope and beyond. Across-slope splash

increased slightly as slope increased, showing a clear progression as in downslope

and upslope splash.

The increasing importance of downslope splash as slope steepness increases is seen

in Figure 4.7. This is the net downslope transport due to splash, and it increased from

-0.154 kg per irrigation event at 6% slope to 1.214 kg per irrigation event at 84%

slope, as shown in Table 4.16. A negative net downslope splash value implies that

more soil was splashed upslope than on the downslope side of the plot.
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Splash rates for six slopes at ToweroFigure 4.7.

Since the across slope splash remained almost constant as a function of slope, it

would be expected that net downslope splash would approach zero as slope

approached zero. In this study, net downslope splash was negative at 6% slope and

was consistently negative for all plots averaging -0.10 kg per irrigation event. Again,

this may have been caused by the slight ponding at the downstream end of the slope

as suggested by Grosh and Jarrett (1994).

Plant age indicated a significant effect on downslope, upslope, across-slope and gross

splash rate at 95% confidence level. This is probably due to the fact that leeks

develops a good canopy cover at maturity. Table 4.17, indicates that the rates of

splash erosion were decreasing with increase in plant age - hence, canopy cover.
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Splash rate reduction is probably due to dissipation of sprinkler drop impact by

vegetative cover. Many researchers have reported similar effects of canopy cover on

sprinkler-spray erosivity and splash erosion. Ghadiri and Payne (1977, 1979, 1988)

found that vegetative cover alters the volume, drop size distribution, impact velocity

and kinetic energy of drops reaching the ground.

Splash rates according to plant age per irrigation eventTable 4.17

Plant age& Gross

0.0149

Note:

Since sprinklers weaken soil strength by detaching individual particles, when a storm

comes all the fertile topsoil may be washed away by surface runoff. As indicated in

Table 4.4, some farmers at Towero were already complaining of crops not doing well

if no fertiliser was applied. If farmers cannot manage to buy fertilisers to replenish

the lost fertility, yields will continue to decline. Some farmers may not be willing to

tolerate such a situation and, as a result, clearing of natural forests will continue in

the course of searching for more fertile land, and more marginal lands will be

cultivated. This will accelerate the degradation of the Towero catchment. Due to this

splash 

erosion

Upslopc 

splash 

erosion

Across- 

slope splash 

erosion

1.153’

0.826b

0.492'

0.502'

0.0176

0.637’

0.083b

0.084b

0.0089

0.273

0.270

0.708

0.524

Downslope 

splash erosion 

(kg)

Net downslope 

splash erosion 

(kg)

(kg)
O4457

0.302b

0.219'

0.232'

(kg) 

0.629’0-20 days

20 - 65 days

65 - 85 days

85 - 95 days

s.e.*

according to Duncan’s New Multiple Range Test (ANOVA; P= 0.05).
* Mean for 12 observations

(kg)

13.566’

10.393b

6.391'

5.938'

0.3143

Splash values in each column with the same letter are statistically insignificant
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fact, there is high need to control splash erosion currently occurring at Towero using

indigenous soil conservation methods. Indigenous soil conservation methods that are

available at Towero include: the use of manure (cover crops and green manure),

mulch tillage, minimum tillage, contour farming, terrace systems, and the use of

diversions and waterways to drain away surface runoff. These conservation methods

protect the soil both from splash erosion and through safe runoff transport.
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5 CONCLUSION AND RECOMMENDATIONS

5.1 Conclusions

Soils of Towero range between sandy clay and clay loam. The basic infiltration

capacity for both soils was 48 mm/h, while the sprinkler precipitation rate ranged

between 3.8 - 5.0 mm/h. The infiltration rate was far higher than the precipitation

rate. The drag hose sprinkler precipitation rate is slightly smaller than that of most

commercial sprinklers which range between 5.0 - 10.0 mm/h. Under such

circumstances, there is little possibility for runoff occurrences.

Between 1964 and 1999 the area under indigenous irrigation systems at Towero

increased from 2.53 to 30.90 ha. The expansion of indigenous irrigation accelerated

deforestation rate by 6.48 ha/year, between 1964 and 1999. Such a deforestation rate

is threatening the sustainability of indigenous irrigation systems at Towero.

Many farmers in Towero prefer drag hose sprinkler irrigation to other irrigation

methods because the former is less erosive than the later. The performance of drag

hose irrigation at Towero was rated good. However, there was improper water

management whereby all fields were over-irrigated. Over-irrigation caused water loss

through deep percolation. Subsurface flow was another source of water in the subsoil.

It flowed from upslope to downslope parts.
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Sediment load transport and soil splash were two forms of erosion that were caused

by indigenous irrigation at Towero. These forms of erosion are likely to cause land

degradation if not hampered.

5.2 Recommendations

Since the drag hose irrigation method show the potential to expand in future, the use

of sprinklers should be encouraged because sprinklers are less erosive as compared to

other methods of irrigation available at Towero.

Further research is required in order to improve drag hose irrigation to suit in

mountainous areas. In order to avoid locating canals on steep gradients, contours

should be followed. These canals should be planted with grass. This recommendation

is expected to reduce water velocities, and hence, reduce soil losses through sediment

load transport. Improved methods should take into consideration the question of soil

conservation and general sustainability of the scheme.

The use of farmyard manure, crop covers, mulch and minimum tillage should be

encouraged so as to reduce splash rates.
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7 APPENDICES

QuestionnaireAPPENDIX A:

GENERAL

Village 1. Age Name 

Division District Ward 

Country Region 

Marital status (check against appropriate answer):-2.

Newly married 

Married 

Not married 

Separated 

Divorced 

Widowed 

Level of education (check against appropriate answer):-3.

Not attended any school 

Adult education 

Primary education 

Secondary education 

University education 

Major activities (check against appropriate answer):-4.
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Livestock farming

Mixed farming

Off-farm activities

All of the above 

If crop farming with irrigation agriculture, proceed to questions 5.1 to 5.8.5.

Why do you prefer drag hose sprinkler irrigation to other methods of5.1

irrigation in your field?

it is less expensivea)

it does not cause soil erosion in the field [ ]b)

it is easier to manage and operatec)

When did drag hose sprinkler irrigation start to be used at Towero?5.2

from time immemorial (hence indigenous)a)

][after independenceb)

just recently (1980s)c)

During the dry season, why do you prefer cultivating vegetables under5.3

irrigation to cereals?

vegetables are more profitablea)

they protect the soil against erosion better [ ]b)

None of the abovec)

How do you get a plot for irrigation agriculture?5.4.

a) by renting

Crop farming with irrigation agriculture during the dry season
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b) by clearing forests [ ]

through inheritancec)

5.5. How frequent do you apply fertilisers in your vegetable fields within a

growing season?

not at alla)

b) [ ]once

c) more than once

Why do you have to abandon an irrigation canal?5.6

the canal gets erodeda)

][water intakes dry upb)

fields are fallowc)

Which fields are more expensive to rent?5.7

downslope fieldsa)

[ ]middle fieldsb)

upslope fieldsc)

Why are they more expensive?5.8

]they are more fertile [a)

water availability is assuredb)

both answers are correctc)
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APPENDIX B SOIL MOISTURE

B I: Variations in moisture content (% vol.) in block A when leeks plants were 20 days

(% vol.)

0.12

B2: Variations in moisture content (% vol.) in block A when leeks plants were 65 days

0.29

0.340.0 - 0.2 
0.2 - 0.4 
0.4-0.6 
0.6 - 0.8
0.8-1.0 
1.0-1.2

0.0 - 0.2 
0.2 - 0.4 
0.4-0.6 
0.6 - 0.8 
0.8- 1.0
1.0-1.2

Sampling 
depth 
(m)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

21.13
25.69
30.78
38.46
42.13
42.45

20.81
24.93
29.96
36.58
40.62
41.85

21.01
25.17
30.06
37.88
41.38
41.95

Moisture 
content after

44.73
44.77
45.11
45.34
45.63
46.04

42.68
44.71
44.93
45.01
45.66
45.95

45.57
44.67
45.06
45.29
45.33
46.14

23.60 
19.08 
14.33 
6.88 
3.50 
3.59

21.87
19.78
14.97
8.43 
5.04
4.10

24.56 
19.50 
15.00 
7.41 
3.95
4.19

236.0
190.8
143.3
68.8
35.0
35.9

218.7 
197.8 
149.7 
84.3
50.4 
41.0

245.6 
195.0 
150.0 
74.1 
39.5 
41.9

Average 
root zone 

depth (DJ 
(m)

Sampling 
depth 

(m)

Average 
root zone 

depth (D„) 
(m)

(O.-0P) 
(% vol.)

(0.-0p)
(% vol.)

(0.-0P)
(% vol.)

Equivalent 
depth 

= I0(0,-9p) 
(mm/m)

Moisture 
content after 

irrigation 
(0J 

(% vol.)

Equivalent 
depth 

= 10(0.-0p) 
(mm/m)

Equivalent 
depth 

= 10(0,-0p) 
(mm/m)

Average root 
zone depth 

(D„) 
(m)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

0.0-0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6 - 0.8 
0.8- 1.0
1.0- 1.2

B3:
Sampling 

depth 
(m)

Water 
retained in the 

root zone 
depth (in 
brackets) 

(mm) 
(29.5)49.1 

39.0 
30.0 
15.0 
8.0 
8.4

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 

(47.2)47.2 
(26.7)38.2 

28.7 
13.8 
7.0 
7.2

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm)

(43.7) 43.7
(17.8) 39.6 

29.9 
16.9 
10.1 
8.2

Pre-irrigation 
moisture 

content (0p) irrigation (0,) 
(% vol.)

Variations in moisture content (% vol.) in block A when leeks plants were 85 days 
Pre­

irrigation 
moisture 

content (0p) 
(% vol.)
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B4: Variations in moisture content (% vol.) in block A when leeks plants were 95 days

0.34

Variations in moisture content (% vol.) in block B when leeks were 20 daysB5:

0.11

Variations in moisture content (% vol.) in block B when leeks plants were 65 daysB6:

0.29

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

20.24
25.19
31.75
37.46
40.88
43.96

20.39
24.40
29.70
38.18
41.54
43.08

43.63
43.97
44.21
44.89
45.05
45.16

43.21
43.68
43.68
43.73
43.78
44.11

23.39 
18.78 
12.46 
7.43
4.17 
1.20

233.9
187.8 
124.6 
74.3
41.7 
12.0

228.2 
192.8 
139.8
55.5 
22.4
10.3

Sampling 
depth 
(m)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

23.87
20.46
12.17
7.27
3.64
0.32

238.7
204.6
121.7
72.7
36.4
3.2

Average 
root zone 

depth (DJ 
(m)

Average 
root zone 

depth (D„) 
(m)

Average 
root zone 

depth (D„) 
(m)

44.55
44.18
44.22
44.46
44.48
45.03

(0,-0p) 
(% vol.)

22.82 
19.28 
13.98 
5.55
2.24 
1.03

Equivalent 
depth 

= 1O(O.-0P) 
(mm/m)

Equivalent 
depth 

= 10(0.-oP) 
(mm/m)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

(O.-0P)
(% vol.)

(0.-0p)
(% vol.)

Equivalent 
depth 

= 10(0.-Op) 
(mm/m)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

0.0 - 0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6 - 0.8 
0.8- 1.0
1.0- 1.2

0.0 - 0.2 
0.2 - 0.4 
0.4-0.6 
0.6 - 0.8
0.8-1.0 
1.0-1.2

0.0 - 0.2
0.2 - 0.4
0.4 - 0.6
0.6 - 0.8
0.8- 1.0
1.0- 1.2

20.68
23.72
32.05
37.19
40.84
44.71

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(46.8) 

(16.9)37.6 
25.0 
14.9 
8.3 
2.4

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 

(25.1)45.6 
38.6 
28.0 
11.1 
4.5 
2.1

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 

(47.7)47.7 
(28.6)40.9 

24.3 
14.5 
7.3 
0.6
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B7 Variations in moisture content (% vol.) in block B when leeks plants were 85 days

0.36

Variations in moisture content (% vol.) in block B when leeks plants were 95 daysB8:

0.36

Variations in moisture content (% vol.) in block C when leeks plants were 20 daysB9

0.12

0.0 - 0.2
0.2 - 0.4
0.4-0.6
0.6-0.8
0.8- 1.0
1.0-1.2

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (Op) 
(% vol.)

20.77
24.73
28.49
35.28
41.65
43.56

18.93
24.39
30.86
36.11
39.79
43.80

21.06
25.65
30.27
39.44
41.51
43.83

38.91
42.58
43.71
44.58
44.58
44.61

40.66
43.00
43.11
43.79
44.02
44.28

18.14 
17.85 
15.22 
9.30
2.93 
1.05

20.23 
14.89 
10.66 
6.52
3.29 
0.21

19.60
17.35
12.84
4.35
2.51
0.45

181.4
178.5 
152.2 
93.0 
29.3
10.5

196.0
173.5
128.4
43.5
25.1
4.5

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Sampling 
depth 
(m)

202.3 
148.9 
106.6 
65.2
32.9 
2.1

Average 
root zone 

depth (DJ 
(m)

Average 
root zone 

depth (DJ 
(m)

Average 
root zone 

depth (DJ 
(m)

(0.-0p)
(% vol.)

(0.-0p)
(% vol.)

Equivalent 
depth 

= 10(0.-Op) 
(mm/m)

Equivalent 
depth 

= 10(0.-Op) 
(mm/m)

Moisture 
content after 

irrigation 
(0J 

(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

(O.-Op)
(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

Equivalent 
depth 

= 10 (O.-Op) 
(mm/m)

0.0 - 0.2 
0.2 - 0.4 
0.4-0.6 
0.6 - 0.8 
0.8- 1.0
1.0-1.2

0.0 - 0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6-0.8
0.8-1.0 
1.0-1.2

39.16
39.28
41.52
42.63
43.08
44.01

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 

(21.8)36.8 
35.7 
30.4 
18.6 
5.9 
2.1

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(40.5) 

(23.8)29.8 
21.3 
13.0 
6.6 
0.4

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(39.2) 

(27.8)34.7 
25.7 
8.7 
5.0 
0.9
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B 10: Variations in moisture content (% vol.) in block C when leeks plants were 65 days

0.30

Variations in moisture content (% vol.) in block C when leeks plants were 85 daysB 11:

0.37

Variations in moisture content (% vol.) in block C when leeks plants were 95 daysB12:

0.37

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (Op) 
(% vol.)

Pre­
irrigation 
moisture 

content (Op) 
(% vol.)

22.05
26.14
30.64
37.49
41.00
43.68

21.00
25.16
29.88
34.90
39.12
41.57

21.13
24.78
30.18
35.67
40.07
43.66

40.60
42.55
43.09
43.73
44.16
44.50

40.28
41.26
43.71
44.03
44.31
44.49

18.55 
16.41 
12.45 
6.24
3.16 
0.82

19.28
16.10
13.83
9.13
5.19
2.92

18.64 
16.15 
11.63 
6.95
3.95 
0.30

Equivalent 
depth 

= 10(0. -Op) 
(mm/m)

Equivalent 
depth 

= 10(0.-Op) 
(mm/m)

185.5
164.1
124.5
62.4
31.6
8.2

192.8
161.0
138.3
91.3
51.9
29.2

186.4
161.5
116.3
69.5
36.7 
3.0

Average 
root zone 

depth (D„) 
(m)

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Average 
root zone 

depth (DJ 
(m)

Average 
root zone 

depth (DJ 
(m)

(O.-0P) 
(% vol.)

(0. -op)
(% vol.)

(0.-0p)
(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

Equivalent 
depth 

= 10(0.-0p) 
(mm/m)

Moisture 
content after 

irrigation 
(0J 

(% vol.)

0.0-0.2
0.2 - 0.4
0.4 - 0.6
0.6 - 0.8
0.8-1.0
1.0- 1.2

0.0 - 0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6 - 0.8 
0.8- 1.0
1.0-1.2

0.0-0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6 - 0.8 
0.8- 1.0
1.0- 1.2

39.77
40.93
41.81
42.62
43.74
43.97

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(37.1) 

(27.9)32.8 
24.9 
12.5 
6.3 
1.6

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(38.6) 

(27.4)34.2 
27.7 
18.3 
10.4 
5.8

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 

(37.28) 
(16.15)32.3 

23.3 
13.9 
7.3 
0.6
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B 13: Variations in moisture content (% vol.) in block D when leeks plants were 20 days

0.13

Variations in moisture content (% vol.) in block D when leeks plants were 65 daysB 14:

0.31

Variations in moisture content (% vol.) in block D when leeks plants were 85 daysB15

0.360.0 - 0.2
0.2 - 0.4
0.4 - 0.6
0.6-0.8
0.8-1.0
1.0-1.2

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

21.98
25.00
30.00
39.44
43.06
43.53

21.60
23.74
28.50
33.61
38.18
40.83

21.07
26.11
31.86
36.04
40.90
42.37

39.33
39.94
41.20
41.72
43.90
43.87

38.81
40.00
40.60
41.08
41.66
42.04

17.35
14.94
11.20
2.28
0.84
0.34

17.21
16.26
12.10
7.47
3.48
1.21

19.06 
14.64 
9.77 
6.02
1.58 
1.54

173.5 
149.4 
112.0 
22.8
8.4 
3.4

172.1
162.6
121.0
74.7
34.8
12.1

190.6
146.4
97.7
60.2
15.8
15.4

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Average 
root zone 

depth (DJ 
(m)

Average 
root zone 

depth (D„) 
(m)

Average 
root zone 

depth (DJ 
(m)

(0.-0p)
(% vol.)

(0,-0p)
(% vol.)

(0,-Gp) 
(% vol.)

Equivalent 
depth 

= 1O(O,-0P) 
(mm/m)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

Moisture 
content after 

irrigation 
(0J 

(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

Equivalent 
depth 

= 1O(O,-0P) 
(mm/m)

Equivalent 
depth 

= 10(0.-Op) 
(mm/m)

0.0 - 0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6 - 0.8 
0.8-1.0
1.0- 1.2

0.0 - 0.2
0.2 - 0.4
0.4 - 0.6
0.6 - 0.8
0.8- 1.0
1.0- 1.2

40.13
40.75
41.63
42.06
42.48
43.91

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(34.4) 

(17.9)32.5 
24.2 
14.9 
6.96 
2.40

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 

(24.8)38.1 
29.3 
19.5 
12.0 
3.2 
3.1

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(34.7) 

(23.9)29.9 
22.4 
4.6 
1.7 
0.7
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Variations in moisture content (% vol.) in block D when leeks plants were 95 daysB 16:

0.36

Variations in moisture content (% vol.) in block E when leeks plants were 20 daysB 17:

0.12

Variations in moisture content (% vol.) in block E when leeks plants were 65 daysB 18:

0.32

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (Op) 
(% vol.)

21.55
25.40
29.17
38.00
40.83
41.29

20.33
23.70
29.10
36.14
39.57
40.79

20.82
27.33
31.61
38.88
40.90
41.63

37.58
38.46
40.37
41.68
42.05
42.39

40.18
41.03
41.46
42.00
42.17
42.60

37.60
40.18
41.64
42.06
42.75
43.14

16.03 
13.06 
11.20 
3.68
1.22
1.10

19.85
17.33
12.36
5.86
2.60
1.80

16.78 
12.85 
10.03 
3.18
1.85 
1.51

Equivalent 
depth 

= 10(0.-oP) 
(mm/m)

160.3
130.6
112.0
36.8
12.2
11.0

198.5 
173.3 
123.6
58.6 
26.0 
18.0

167.8 
128.5 
100.3 
31.8
18.5 
15.1

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Average 
root zone 

depth (DJ 
(m)

Average 
root zone 

depth (D J 
(m)

z\veragc 
root zone 

depth (D„) 
(m)

(0.-0p)
(% vol.)

(0.-0p)
(% vol.)

Equivalent 
depth 

= 10(0.-Op) 
(mm/m)

(0.-0p)
(% vol.)

Equivalent 
depth 

= 10(0.-Op) 
(mm/m)

Moisture 
content after 

irrigation 
(0J 

(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

0.0-0.2 
0.2 - 0.4 
0.4-0.6 
0.6 - 0.8 
0.8-1.0 
1.0-1.2

0.0 - 0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6 - 0.8
0.8-1.0 
1.0-1.2

0.0 - 0.2 
0.2 - 0.4 
0.4 - 0.6
0.6 - 0.8 
0.8 - 1.0 
1.0- 1.2

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(32.1) 

(15.7)26.1 
22.4 
7.4 
2.4 
2.2

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 

(23.82)39.7 
34.7 
24.7 
11.7 
5.2 
3.6

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(33.6) 

(20.6)25.7 
20.0 
6.4 
3.7 
3.0
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B 19: Variations in moisture content (% vol.) in block E when leeks plants were 85 days

0.37

B20: Variations in moisture content (% vol.) in block E when leeks plants were 95 days

0.37

B2I: Variations in moisture content (% vol.) in block F when leeks plants were 20 days

0.10

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (Op) 
(% vol.)

21.31
24.60
29.13
35.90
39.93
41.04

21.85
26.55
30.19
35.73
40.03
40.59

20.57
24.81
30.00
37.99
40.00
40.88

40.01
40.11
40.82
41.16
42.06
42.50

38.44
39.05
41.60
41.83
42.68
42.97

37.00
40.11
40.59
41.66
42.84
43.06

18.70
15.51
11.69
5.26
2.13
1.46

16.59 
12.50 
11.41
6.10 
2.65
2.38

16.43
15.30
10.59
3.67
2.84
2.18

187.0
155.1
116.9
52.6
21.3
14.6

165.9 
125.0 
114.1 
61.0
26.5 
23.8

164.3
153.0
105.9
36.7
28.4
21.8

Average 
root zone 

depth (DJ 
(m)

Average 
root zone 

depth (DJ 
(m)

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Sampling 
depth 
(m)

0.0 - 0.2
0.2 - 0.4
0.4 - 0.6
0.6-0.8
0.8-1.0
1.0- 1.2

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Average 
root zone 

depth (DJ 
(m)

(0,-6P) 
(% vol.)

Equivalent 
depth 

= 10(0,-Op) 
(mm/m)

Moisture 
content after 

irrigation 
(9J 

(% vol.)

Moisture 
content after 

irrigation 
(6.) 

(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

(0.-0p)
(% vol.)

(O.-Op)
(% vol.)

Equivalent 
depth 

= 10 (0.-0p) 
(mm/m)

Equivalent 
depth 

= 10 (0,-Op) 
(mm/m)

0.0 - 0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6 - 0.8 
0.8- 1.0
1.0-1.2

0.0 - 0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6 - 0.8 
0.8- 1.0
1.0- 1.2

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 

(18.7)37.4 
31.0 
23.4 
10.4 
4.3 
3.0

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(33.2) 

(21.3)25.0 
22.8 
12.2 
5.3 
4.8

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(32.9) 

(26.0)30.6 
21.2 
7.3 
5.7 
4.4
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B 22 Variations in moisture content (% vol.) in block F when leeks plants were 65 days

0.26

Variations in moisture content (% vol.) in block F when leeks plants were 85 daysB23:

0.34

Variations in moisture content (% vol.) in block F when leeks plants were 95 daysB24:

0.35

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

Pre­
irrigation 
moisture 

content (0p) 
(% vol.)

20.54
25.97
29.40
33.74
37.96
40.00

21.14
26.80
30.77
38.15
40.00
41.00

20.62
27.51
29.48
34.27
39.00
40.63

37.90
40.13
40.48
40.76
41.00
41.37

39.63
40.75
40.90
41.16
41.88
42.58

36.00
39.71
41.04
41.55
42.13
42.64

17.36 
14.16 
11.08 
7.02
3.04 
1.37

18.49
13.95
10.13 
3.01 
1.88 
1.58

15.38 
12.20 
11.56 
7.28
3.13 
2.01

Equivalent 
depth 

= lO(0,-0p) 
(mm/m)

173.6
141.6
110.8
70.2
30.4
13.7

184.9
139.5
101.3
30.1
18.8
15.8

153.8
122.0
115.6
72.8
31.3
20.1

Average 
root zone 

depth (DJ 
(m)

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Sampling 
depth 
(m)

Average 
root zone 

depth (DJ 
(m)

Average 
root zone 

depth (DJ 
(m)

(0.-0p)
(% vol.)

(0.-Op)
(% vol.)

Equivalent 
depth 

= 1O(0.-0P) 
(mm/m)

Moisture 
content after 

Irrigation 
(0.) 

(% vol.)

(0.-0p)
(% vol.)

Equivalent 
depth 

= 10(0.-0„) 
(mm/m)

Moisture 
content after 

irrigation 
(0J 

(% vol.)

Moisture 
content after 

irrigation 
(0.) 

(% vol.)

0.0-0.2
0.2 - 0.4
0.4 - 0.6
0.6 - 0.8
0.8-1.0 
1.0-1.2

0.0-0.2 
0.2 - 0.4 
0.4 - 0.6 
0.6 - 0.8
0.8-1.0 
1.0- 1.2

0.0 - 0.2 
0.2 - 0.4 
0.4 - 0.6
0.6 - 0.8 
0.8- 1.0 
1.0-1.2

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(37.0) 

(19.5)27.9 
20.3 
6.0 
3.8 
3.2

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(30.8) 

(7.3)24.4 
23.1 
14.6 
6.3 
4.0

Water 
retained in 

the root 
zone depth 

(in brackets) 
(mm) 
(34.7) 

(21.2)28.3 
22.2 
14.0 
6.1 
2.1
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APPENDIX C PLANT-WATER-REQUIREMENT

Irrigation water requirement for leeks plants during the initial stage of growth (20

0.350.80

C 1: 
days)

8.3 
9.6 
7.7 
9.0 
7.1 
8.6
8.9 
9.3 
9.6 
9.4 
10.3 
10.0
8.7 
8.2 
8.6 
7.0 
7.4 
7.4
8.0 
10.5

6.6 
7.7 
6.2 
7.2 
5.7 
6.9 
7.1 
7.4 
7.7 
7.5
8.2 
8.0 
7.0 
6.6 
6.9 
5.6 
5.9 
5.9 
6.4 
8.4

2.3 
2.7 
2.2 
2.5 
2.0 
2.4 
2.5 
2.6 
2.7 
2.6 
2.9 
2.8 
2.5 
2.3 
2.4 
2.0 
2.1
2.1 
2.2 
2.9

Kc 
(dimensionless)

ETe 
(mm/day)

ET. 
(mm/day)

K,,,b 
(dimensionless)

Ep.n 
(mm/day)
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C 2:

1.140.8

10.7
10.9
9.1
9.3
11.8
8.0
9.5
8.9
6.0
7.5
8.3
8.4
8.9 
10.0
10.6
8.4
10.1
8.8
4.0
6.8
7.4
6.7
7.5
6.5
5.0
5.3
5.4
5.1
6.1
6.6
4.4
5.5
5.7
4.2
4.2
5.9
8.5
8.5
8.4
8.5
8.4
9.4
7.8
8.4
8.7

Irrigation water requirement for leeks plants during the crop development stage of 
growth (45 days)

8.6
8.7
7.3
7.4
9.4
6.4
7.6
7.1
4.8 
6.0 
6.6
6.7
7.1 
8.0
8.5
6.7
8.1
7.0
3.2
5.4
5.9
5.4 
6.0 
5.2
4.0
4.2
4.3
4.1
4.9
5.3
3.5
4.4
4.6
3.4
3.4
4.7
6.8
6.8
6.7
6.8
6.7
7.5
6.2
6.7 
7.0

9.8
9.9
8.3
8.4
10.7
7.3
8.7
8.1
5.5
6.8
7.5
7.6
8.1
9.1
9.7
7.6
9.2
8.0
3.6
6.2
6.7
6.2
6.8
5.9
4.6
4.8
4.9
4.7
5.6
6.0
4.0
5.0
5.2
3.9
3.9
5.4
7.8
7.8
7.6
7.8
7.6
8.6
7.1
7.6
8.0

ET0 
(mm/day)

K. 
(dimensionless)

ETC 
(mm/day)

Kp,„ 
(dimensionless)

Epln 
(mm/day)
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C3: Irrigation water requirement for leeks plants during the maturity Stage (20 days)

0.950.80

Irrigation water requirement for leeks plants during the late season Stage (10 days)C 4:

0.950.8

7.7
6.5
8.1
8.8
7.6
9.5
4.3
7.3
5.5
7.1

6.2
5.2
6.5
7.0
6.1
7.6
3.4
5.8
4.4
5.7

9.8
8.6
8.8
7.2
4.4
4.9
9.1
9.3
7.4
6.5
8.7
8.1
8.6
8.1
2.8
6.4
6.1
6.0
4.0
6.6

7.8
6.9
7.0
5.8
3.5
3.9
7.3
7.4
5.9
5.2
7.0
6.5
6.9
6.5
2.2
5.1
4.9
4.8
3.2
5.3

7.5
6.5
6.7
5.5
3.3
3.7
6.9
7.1
5.6
4.9
6.6
6.2
6.5
6.2
2.1
4.9
4.6
4.6
3.0
5.0

ET0 
(mm/day)

ET„ 
(mm/day)

K« 
(dimensionless)

ETe 
(mm/day)

ETC 
(mm/day)

K. 
(dimensionless)

Kp.„ 
(dimensionless)

Kp.n 
(dimensionless)

5.9
4.9
6.2
6.7
5.8
7.2
3.3
5.6
4.2
5.4

EP.„ 
(mm/day)

E|>«n 
(mm/day)
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SOIL MOISTURE CONSTANTSAPPENDIX D

D 1

Depth of sample (m)

Total1.0-1.20.8-1.00.6 - 0.80.4 - 0.60.2 - 0.40-0.2Location

Field ‘A’

24.2
Field *B‘

17 4
Field ‘C’

17.1
Field ‘D’

17.4
Field

19.8
Field ‘F’

16.3

Bulk density (Mg/MJ)

Variations in field capacity (FC % vol.), permanent wilting point (pwp % vol.) and 
available water (/f JPem)

FC (%) 
PWP (%) 
AW (cm)

FC (%) 
PWP (%) 
AW (cm)

FC (%) 
PWP (%) 
AW (cm)

FC (%) 
PWP (%) 
AW (cm)

FC (%) 
PWP (%) 
AW (cm)

FC (%)

41.08 
21.07 
4.0 

39.68 
20.56 
3.8 

37.95 
17.94 
40 

35.65 
20.03

3.2 
40.26 
18.59
4.4 

37.45 
21.10

3.3

37.98 
19.65 
3.7

32.24 
19.69 
2.5

32.38 
20.51

2.4 
32.46 
20.58

2.4 
32.79 
19.05
2.8 

41.58 
21.69
4.0 
1.31

41.19 
20.17 
4.2 

39.82
19.29
4.1 

32.80 
20.26

2.5 
39.41 
19.60
4.0 

36.10 
17.82
3.7 

33.93 
20.92

2.6 
1.24

46.29 
19.16 
5.4 

34.22 
19.47
3.0 

37.23 
20.37

3.4 
36.57 
19.98
3.3 

35.22 
18.94
3.3 

38.30 
18.76
3.9 
1.29

37.46
20.99
3.3

33.12
21.54

2.3
33.63
18.33
3.1

34.43
20.82

2.7
39.00
21.18

3.6
33.30
21.04

2.5
1.27

37.98 
19.96 
3.6 

27.94
19.62

1.7
27.37 
18.74 

1.7
28.82 
20.06 

1.8
28.81
18.86 
2.0

27.52 
19.91 

1.5 
1.33
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IRRIGATION EFFICIENCIESAPPENDIX E

Storage efficiency in leeks fieldsE 1:

Block Water 
stored in 
the root 

zone (W,) 
(cm)

Fc-e 
(% vol.)

A 
B 
C 
D 
E 
F

41.08
39.68
37.95
35.65
40.26
37.45

41.08
39.68
37.95
35.65
40.26
37.45

41.08
39.68
37.95
35.65
40.26
37.45

41.08
39.68
37.95
35.65
40.26
37.45

27.70
27.70
24.10
24.10
25.20
24.26

23.41
26.36
25.58
25.49
26.69
25.97

24.87
24.60
24.96
27.67
24.48
28.31

26.01
24.39
25.77
23.07
24.33
26.01

34
36
37
36
37
34

34
36
37
36
37
35

29
29
30
31
32
26

12
11
12
13
12
10

6.15
6.37
5.34
5.23
4.78
3.81

7.63
6.43
6.50
5.42
5.45
5.59

2.95
2.51
2.18
2.48
2.38
1.87

4.55
4.31
5.12
4.16
5.57
4.62

4.70
4.37
3.90
2.47
5.05
2.38

6.01
4.80
4.58
3.66
5.02
3.90

1.81
1.68
1.46
1.64
1.91
1.14

100.0
100.0
100.0
100.0
100.0
100.0

100.0 
100.0
100.0
100.0
98.8 
100.0

100.0
100.0
100.0
100.0
94.7
100.0

100.0
100.0
100.0
100.0
100.0
100.0

A 
B 
C 
D 
E 
F

7.39
6.70
6.60
5.86
5.89
5.60

Water 
required 
to fill the 
root zone 

to field 
capacity 

(W.) 
(cm)

Er 
(%)

Moisture 
content 
at field 

capacity 
(fc) 

(% vol.)

Pre­
irrigation 
moisture 
content 

(9) 
(% vol.)

Average 
root zone 

depth 
(D„) 
(cm)

A 
B 
C 
D 
E 
F

A 
B 
C 
D 
E 
F

Between 85 - 95 days old
13.38
11.98
13.85
11.55
15.06
13.19

Between 65 - 85 days old
17.67
13.32
12.37
10.16
13.57
11.48

Between 20 - 65 days old
16.21
15.08
12.99
7.98
15.78
9.14

Between 0-20 days old 
15.07 
15.29 
12.18 
12.58 
15.93 
11.44
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Irrigation water application efficiency for leeks fields (MAD = 0.5)E 2:

Block Sprinkle 
r 
discharg 
e rate 
(m3/s)

486.50
398.99
392.84
380.96
400.49
389.48

0.00053
0.00051
0.00043
0.00052
0.00043
0.00051

0.00063
0.00055
0.00048
0.00051
0.00048
0.00041

7.4
7.4
7.4
6.1
7.2
7.1

6.5
7.2
6.0
6.9
7.3
7.4

3.4
3.4
3.7
2.8
4.0
2.9

3.4
3.4
3.7
2.8
4.0
2.8

2.9
2.7
3.0
2.4
3.5
2.1

34
36
37
36
37
34

34
36
37
36
37
35

29
29
30
31
32
26

12
11
12
13
12
10

20.01
19.12
20.01
15.62
21.67
16.35

20.01
19.12
20.01
15.62
21.67
16.35

20.01
19.12
20.01
15.62
21.67
16.35

20.01
19.12
20.01
15.62
21.67
16.35

19.13
12.20
13.15
10.77
12.25
10.89

17.46
15.25
11.58
14.14
11.58
10.77

14.12
13.59
11.46
11.46
11.15
13.03

13.57
15.81
11.02
13.41
11.56
10.92

5.34
5.53
5.80
4.33
5.10
3.13

14.11
10.77
11.78
9.14 
14.02
8.18

16.10
15.10
15.17
11.65
15.19
10.82

14.85
14.07
14.55
11.68
16.00
12.17

39.3
35.0
52.6
32.3
44.1
28.7

73.8
88.3
89.6
84.9
114.4
75.1

92.2
98.4 
131.0
82.4
131.2
100.5

105.2
103.5
127.0
101.9
143.5
93.4

A 
B 
C 
D 
E 
F

A 
B 
C 
D 
E 
F

7.7
7.7
6.7
7.7
6.7
7.3

7.7
7.7
8.3
7.3
7.4
7.2

1.2
1.1
1.2
1.0
1.3
0.8

Applic 
ation 
efficicn 
cy 
(%)

Avcrag 
e 
wetted 
area 
per 
single 
plot 
(m2)

Readil 
y 
Availa 
ble 
Water 
(RAW) 
(cm)

Fc- 
pwp 
(% 
vol.)

Dura 
tion 
of 
irriga 
tion 
(h)

Root 
zone 
depth 
(D„) 
(cm)

A 
B 
C 
D 
E 
F

A 
B 
C 
D 
E 
F

Volum 
e of 
water 
benefic 
ially 
used 
by 
crops 
(Wr 
) 
(m3)

Volum 
e of 
water 
applic 
d (W,) 
(m3)

0.00058 
0.00061 
0.00068 
0.00054
0.00044 
0.00041 

Between 20 - 65 days old
0.00069 
0.00044 
0.00044 
0.00041
0.00046 
0.00042 

Between 65 - 85 days old 
473.65 
441.17 
409.88 
416.21 
379.81 
386.48

Between 85 - 95
436.64 
413.97 
393.14 
417.03 
400.00 
419.54

Between 0-20 days old
444.70
502.57
483.11
432.73
392.24
391.23
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Conveyance efficiency (£f) for leeks fieldsE3:

PlotBlock

A

B

C

D

E

F

A summary of conveyance efficiency (£J for various leeks fieldsE4

c.v (%)s.dMean EcBlock

Sprinkler 
discharge 

rate 
(m’/s)

Canal 
discharge 
rate at the 

intake 
point 
(m’/s)

86.55
88.68
89.36
87.49
70.50
79.75

10.90
6.68
3.91
1.97
0.79
3.95

Hose pipe 
discharge 
rate at the 

intake 
point 
(m’/s)

A 
B 
C 
D 
E 
F

1
2
3
1
2
3
4
5
1
2
3
4
5
6
1
2
1
2
1
2
3
4

0.0045 
0.0054 
0.0041
0.0053
0.0059 
0.0062 
0.0047
0.0051
0.0104
0.0093 
0.0100 
0.0103
0.0113
0.0098 
0.0099 
0.0095
0.0117
0.0116 
0.0104 
0.0101
0.0096 
0.0097

0.00059
0.00060
0.00057
0.00057
0.00064
0.00065
0.00056
0.00056
0.00054
0.00052
0.00052
0.00054
0.00054
0.00054
0.00057
0.00053
0.00058
0.00059
0.00064
0.00063
0.00064
0.00057

0.00059
0.00059
0.00056
0.00057
0.00063
0.00064
0.00056
0.00055
0.00054
0.00052
0.00051
0.00054
0.00054
0.00054
0.00057
0.00052
0.00058
0.00058
0.00063
0.00063
0.00063
0.00056

12.59
7.53
4.37
2.25
1.12
4.95

89.03
74.63
96.00
94.61
81.38
97.14
86.97
83.92
90.07
94,35
91.13
86.98
83.00
90.65
86.09
88.88
71.06
69.94
74.93
79.15
84.54
80.36

7.2
7.4
7.3
7.6
7.1
7.5
7.2
7.3
7.3
6.9
7.7
6.8
7.5
7.1
7.4
7.3
6.9
6.8
7.2
7.2
7.3
7.1

Duration 
of 

irrigation 
(h)

Ec 
(%)

Canal 
discharge 
rate at the 

field 
taping 
point 
(m’/s) 
0.0040 
0.0040 
0.0039 
0.0050 
0.0048 
0.0060 
0.0041 
0.0043 
0.0094 
0.0088 
0.0092 
0.0090 
0.0094 
0.0089 
0.0086 
0.0084 
0.0083 
0.0081 
0.0078 
0.0080 
0.0081 
0.0078
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APPENDIX F CROP AND SPECIFIC YIELD

F 1: Average yields for leeks crops

Block Plot

A

B

C

D

E

F

1
2
3
1
2
3
4
5
1
2
3
4
5
6
1
2
1
2
1
2
3
4

1.17 
0.98 
1.07 
1.15 
1.13 
1.16 
1.11 
0.92 
1.14 
1.21 
1.32 
1.01 
0.68 
0.99 
1.17 
1.01 
0.95 
1.06 
1.18 
0.41 
0.34 
0.67

Specific yield 
(kg/m3)

Yield per 
irrigated area 

(ton/ha) 
14.8 
12.0 
13.8 
14.3 
11.0 
11.5 
13.6 
11.8 
10.6 
14.1 
11.3 
13.0 
13.3 
12.4 
11.0 
10.7 
9.3 
10.0 
9.8 
10.7 
11.9 
13.6

Name of Canal 
supplying 

irrigation water 
A 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
C 
C 
C
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SEDIMENT LOAD AND SPLASH EROSIONAPPENDIX G

Daily sediment yield in three main irrigation canalsGl:

MonthYear

1998

1999 January 
January 
January 
January 
January 
January 
January 
January 
January

December 
December 
December 
December 
December 
December 
December 
December 
December 
December 
December 
December

November 
November 
November 
November 
November 
November 
November 
November 
November
November

05 
07 
10 
11 
14 
17 
20 
24 
26
29

0.613 
0.227 
0.200 
0.101
0.107 
0.003 
0.010 
0.111
0.378

0.140 
0.360 
0.311 
0.212 
0.101 
0.100 
0.093 
0.081 
0.077 
0.065 
0.161 
0.231

0.190 
0.221 
0.200 
0.400 
0.119
0.210 
0.227 
0.630 
0.470 
0.390

0.781
0.707
0.956
0.928
0.776
0.861
0.800
0.931
0.730
0.400
0.701
0.729

0.796
0.675
0.869
0.810
0.691
0.806
0.824
0.879
0.741

0.322
0.337
0.344
0.343
0.348
0.320
0.319
0.327
0.318
0.338
0.349
0.366

0.391
0.384
0.376
0.370
0.552
0.301
0.300
0.319
0.314

02 
05 
07 
08 
09 
14 
17 
20 
22 
27 
28 
29
03
05
07
11
14
16
19
21
24

Date of the day when 
irrigation was done______
Canal ‘A’ Canal ‘B’ 

0.793 
0.791 
0.796 
0.793 
0.814 
0.821 
0.711 
0.768 
0.861 
0.747

Mean sediment yield 
(g/l) 

Canal ‘C’ 
0.361 
0.357 
0.377 
0.311 
0.314 
0.301 
0.341 
0.359 
0.333 
0.365
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G2 Various variables for irrigation canals

1.49 0.10 297 0.2110.400.27 0.004A

0.19 688 0.7932.560.0680.90B 0.0097.40

309 0.3470.141.950.0490.70C 0.0060.94

Canal 
name

Average 
discharge 
rate (m5/s)

Average 
hydraulic 

radius 
(m)

Slope 
(%)

Average 
velocity 

(m/s)

Average 
wetted 

perimeter 
(m)

Canal 
lengt 
h(m)

Average 
sediment 

load 
(g/1)

Average 
cross- 

sectional 
area 
(m;) 

0.035
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Average rates of splash erosion in leeks fieldssG 3:

Block

27.70
27.70
24.10
24.10
25.20
24.26

24.87
24.60
24.96
27.67
24.48
28.31

5.0
4.8
4.3
4.4
4.0
3.9

4.8
4.5
4.2
4.5
3.9
4.1

7.1
7.7
7.1
5.8
6.4
5.7

436.64
413.97
393.14
417.03
400.00
419.54

473.65
441.17
409.88
416.21
379.81
386.48

486.50
398.99
392.84
380.96
400.49
389.48

444.70
502.57
483.11
432.73
392.24
391.23

9.97
7.59
5.55
4.37
7.19
6.66

8.55
6.02
5.00
5.07
6.14
3.97

12.44
11.62
11.94
11.79
9.87
9.84

20.11
22.73
21.18
12.43
9.03
5.55

0.81
0.73
0.71
0.33
0.19
0.18

0.94
0.77
0.75
0.27
0.23
0.16

2.16
1.57
1.42
1.10
0.88
0.69

1.49
1.13
0.99
0.89
0.55
0.35

0.11
0.19
0.38
0.38
0.44
0.44

0.09
0.13
0.23
0.24
0.21
0.29

0.09
0.10
0.22
0.33
0.41
0.39

0.19
0.25
0.45
0.50
0.57
0.66

0.18
0.18
0.11
0.03
0.03
0.03

0.22
0.13
0.08
0.05
0.02
0.02

0.91
0.74
0.67
0.60
0.51
0.46

0.78
0.73
0.73
0.60
0.56
0.50

1.97
1.32
0.97
0.60
0.31
0.03

1.38
0.94
0.61
0.51
0.11
-0.15

0.87
0.64
0.52
0.01
0.02 
-0.13

0.72
0.63
0.49
0.00
-0.22
-0.21

4.9
4.1
4.9
4.1
4.6
4.0

6.8
7.1
7.0
7.4
7.6
7.9

7.2
7.8
7.1
7.9
7.2
7.9

7.6
7.1
7.2
7.8
8.4
8.2

Wetted 
area 
(mz)

Durati 
on of 
irrigati 
on 
(h)

Gross 
splash 
erosion 
(kg)

Downs 
lope 
splash 
erosion 
(kg)

Upslop 
e 
splash 
erosion 
(kg)

Across 
-slope 
splash 
erosion 
(kg)

Net 
downsl 
ope 
splash 
erosion 
(kg)

Sprink 
ler 
precipi 
tation 
rate 
(mm/h 
)

A 
B 
C 
D 
E 
F

A 
B 
C 
D 
E 
F

A 
B 
C 
D 
E 
F

Antece 
dent 
soil 
moistu 
re 
conten 
t (0-20 
cm 
depth) 
(% 

_________vol.)_______ 
Between 0-20 days old 

26.01 
24.39 
25.77 
23.08 
24.33 
26.01

Between 20 - 65 days old 
4.8 
4.4 
4.2 
4.2 
3.8 
3.8 

Between 65 - 85 days old 
23.41 
26.36 
25.58 
25.49 
26.69 
25.97

Between 85 - 95 days old 
A 
B 
C 
D 
E 
F
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APPENDIX H STATISTICAL ANALYSES

H 1:

Grand Sum = 35.660 Total Count =48

MEANSTABLE O F

Total1 2 3 4

*

*

*

TABLEVARIANCEANALYSIS 0 F

ProbSource

9.491Total 47

Coefficient of Variation: 8.19%

Number of Observations: 240.0124

Number of Observations: 80.0215

Number of Observations:0.0176 12

Number of Observations:0.0430 2

ANOVA for effects of slope and plant age on downslope splash 
erosion

Degrees of 
Freedom

Sum of 
Squares

Mean 
Square

1
2
4
6 
-7

K 
Value

1
2

1
2
3
4
5
6

0.016
5.322
3.552
0.516
0.085

1.153
0.826
0.492
0.502

1.318 
0.959 
0.801 
0.610
0.460 
0.310

0.761
0.725

0.016
1.064
1.184
0.034
0.004

13.830
9.910
5.900
6.020

10.540
7.670
6.410
4.880
3.680
2.480

18.270
17.390

4.3569
287.4541
319.7083

9.2915

F 
Value

0.0481
0.0000
0.0000
0.0000

1
2
3
4

1
5
3

15
23

Replication 
Factor A 
Factor B 
AB 
Error

Factor A:slope: Factor B:Plant age 
Variable: Downslope 
Grand Mean = 0.743

s_ for means group 1: 
y
s_ for means group 2: 
y
s_ for means group 4: 
y
s_ for means group 6: 
y
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H 2: ANOVA for effects of slope and plant age on upslope splash erosion

Grand Sum = 14.390 Total Count =48

TABLE 0 F MEANS

Total1 2 3 5

VARIANCE TABLEO FANALYSIS

ProbSource

1.382Total 47

Coefficient of Variation: 17.18%

Number of Observations:0.0105 24

Number of Observations:0.0182 8

Number of Observations:0.0149 12

Number of Observations:0.0364 2

Variable 5: Upslope 
Grand Mean = 0.300

Degrees of 
Freedom

Sum of 
Squares

Mean 
Square

1
2

1
2
3
4
5
6

0.003
0.819
0.385
0.114
0.061

0.445
0.302
0.219
0.232

0.104 
0.159 
0.298 
0.357
0.417 
0.464

0.307
0.292

0.003
0.164
0.128
0.008
0.003

1.0754 
61.7767 
48.4470 
2.8558

5.340
3.630
2.630
2.790

0.830
1.270 
2.380 
2.860 
3.340
3.710

7.380
7.010

F 
Value

0.3105
0.0000
0.0000
0.0116

K
Value

1
2
3
4

1
5
3

15
23

Replication 
Factor A 
Factor B 
AB 
Error

1
2
4
6 

-7

s_ for means group 1: 
y
s_ for means group 2: 
y
s_ for means group 4: 
y
s_ for means group 6: 
y
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H.3: ANOVA for effects of slope and plant age on across-slope splash erosion

Grand Mean = 0.358 Grand Sum = 17.190 Total Count = 48

TABLE 0 F MEANS

Total1 2 3 6

*
*

*
*

**
*

*

TABLEVARIANCE0 FANALYSIS

ProbSource

Total 4.12147

Coefficient of Variation: 8.64%

Number of Observations:0.0063 24

Number of Observations:0.0109 8

Number of Observations:0.0089 12

Number of Observations:0.0219 2

Degrees of 
Freedom

Sum of 
Squares

Mean 
Square

K
Value

1
2

1
2
3
4

0.000
0.375
3.625
0.099
0.022

0.629
0.637
0.083
0.084

0.503
0.436
0.368
0.313
0.280
0.250

0.357
0.359

0.000
0.075
1.208
0.007
0.001

0.0545
78.4779

1263.3269
6.8680

7.550
7.640
0.990
1.010

4.020
3.490
2.940
2.500
2.240
2.000

8.570
8.620

F 
Value

0.0000 
0.0000 
0.0000

1
2
4
6 
-7

Replication 
Factor A 
Factor B 
AB 
Error

1
2
3
4
5
6

1
5
3

15
23

s_ for means group 1: 
y
s_ for means group 2: 
y
s_ for means group 4: 
y
s_ for means group 6: 
y
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H 4: ANOVA for effects of slope and plant age on gross-splash erosion

Grand Mean = 9.072 Grand Sum = 435.450 Total Count = 48

TABLE 0 F MEANS

1 2 3 Total7

*

*
*

*
*

*

*

VARIANCE TABLE0 FANALYSIS

ProbSource

Total 876.52447

Coefficient of Variation: 12.00%

Number of Observations: 240.2223

Number of Observations: 80.3850

Number of Observations:0.3143 12

Number of Observations:0.7699 2

Degrees of 
Freedom

Sum of 
Squares

Mean
Square

1
2
4
6 
-7

K
Value

1
2

1
2
3
4
5
6

1
5
3

15
23

0.186 
184.135 
467.361 
197.572 
27.269

13.566
10.393
6.391
5.938

11.954
10.466
10.066
7.854
8.066
6.025

9.134
9.010

0.186 
36.827 

155.787 
13.171
1.186

162.790
124.710
76.690
71.260

219.220
216.230

0.1571
31.0616
131.3984
11.1095

95.630 
83.730 
80.530 
62.830
64.530 
48.200

0.0000
0.0000
0.0000

Replication 
Factor A 
Factor B 
AB 
Error

1
2
3
4

F 
Value

s_ for means group 1: 
y
s_ for means group 2: 
y
s_ for means group 4: 
y
s_ for means group 6: 
y
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H 5:

Original Order Ranked Order

1 =1 =

C

Duncan’s New Multiple Range Test for effect of plant age on upslope

Ranked OrderOriginal Order

Mean

H 6: 
splash

Error Mean Square = 0.003000
Error Degrees of Freedom = 23
No. of observations to calculate a mean = 12

Mean
Mean
Mean
Mean

Mean
Mean
Mean
Mean

Duncan’s New Multiple Range Test for effect of plant age on downslope 
splash

C
C

Duncan’s New Multiple Range Test 
LSD value = 0.05341 
s_ = 0.01826 at alpha = 0.050 
x

Error Mean Square = 0.004000
Error Degrees of Freedom = 23
No. of observations to calculate a mean = 12

1 = 0.4450 A 
2= 0.3025 B 
3= 0.2192 
4= 0.2325

1.153 A 
2= 0.8258 B 
3= 0.4917 
4= 0.5017 C

1 = 0.4450 A 
Mean 2 = 0.3025 B 
Mean 4 = 0.2325 C 
Mean 3 = 0.2192 C

Duncan’s New Multiple Range Test 
LSD value = 0.04626 
s_ = 0.01581 at alpha = 0.050 
x

Mean 1 = 1.153 A
Mean 2= 0.8258 B
Mean 4 = 0.5017 C
Mean 3 = 0.4917 C
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H 7: Duncan’s New Multiple Range Test for effect of plant age on gross splash

Original Order Ranked Order

Duncan’s New Multiple Range Test for effect of slope on downslope

Variable 4 : Downslope

Ranked OrderOriginal Order

H 8: 
splash

Error Mean Square = 0.001000
Error Degrees of Freedom = 23
No. of observations to calculate a mean = 12

Mean
Mean
Mean
Mean
Mean
Mean

Mean
Mean
Mean
Mean

1 = 0.6292 A
2 = 0.6367 A
3 = 0.08250 B
4= 0.08417 B

1 =
2 =
3 =
4 =
5 =
6 =

1.317 
0.9588 
0.8012 
0.6100 
0.4600 
0.3100

Mean
Mean
Mean
Mean

2 = 0.6367 A 
1 = 0.6292 A 
4= 0.08417 B
3 = 0.08250 B

Mean 
Mean 
Mean 
Mean 
Mean 
Mean

1.317 
0.9588 
0.8012 
0.6100 
0.4600 
0.3100

1 =
2 =
3 =
4 =
5 =
6 =

s_
X

A
B

C
D

E
F

A
B

C
D

E
F

Duncan's New Multiple Range Test 
LSD value = 0.06542

= 0.02236 at alpha = 0.050

Duncan’s New Multiple Range Test 
LSD value = 0.02671
s_ = 0.009129 at alpha = 0.050
x

Error Mean Square = 0.004000
Error Degrees of Freedom = 23
No. of observations to calculate a mean = 8
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H 9: Duncan’s New Multiple Range Test for effect of slope on upslope splash

Variable 5 : Upslope

Original Order Ranked Order

Variable 6 : Acrosslope

Ranked OrderOriginal Order

H 10: Duncan’s New Multiple Range Test for effect of slope on across-slope 
erosion

Error Mean Square = 0.003000
Error Degrees of Freedom = 23
No. of observations to calculate a mean = 8

Duncan's New Multiple Range Test 
LSD value = 0.03271

= 0.01118 at alpha = 0.050

Mean 
Mean 
Mean 
Mean
Mean 
Mean

Mean
Mean
Mean
Mean
Mean
Mean

1 =
2 =
3 =
4 =
5 =
6 =

0.5025
0.4363
0.3675
0.3125
0.2800
0.2500

D 
D

Mean 
Mean 
Mean 
Mean
Mean 
Mean

Mean 
Mean 
Mean 
Mean
Mean 
Mean

D
D

0.5025
0.4363
0.3675
0.3125
0.2800
0.2500

Duncan’s New Multiple Range Test 
LSD value = 0.05665 
s_ = 0.01936 at alpha = 0.050 
x

1 =
2 =
3 =
4 =
5 =
6 =

A
B

C
D
DE

E

A
B

C
D
DE

E

s_
x

6 = 0.4638 A 
5= 0.4175 A 
4= 0.3575 B 
3= 0.2975 C 
2= 0.1587 
1= 0.1037

1 = 0.1037
2= 0.1587
3= 0.2975 C
4= 0.3575 B
5= 0.4175 A
6= 0.4638 A

Error Mean Square = 0.001000
Error Degrees of Freedom = 23
No. of observations to calculate a mean = 8
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Variable 7 : Gross-splash

Ranked OrderOriginal Order

Error Mean Square = 1.186
Error Degrees of Freedom = 23
No. of observations to calculate a mean = 8

II 11: Duncan’s New Multiple Range Test for effect of slope on gross splash 
erosion

Mean 
Mean 
Mean 
Mean 
Mean 
Mean

1 =
2 =
3 =
4 =
5 =
6 =

C
C
D

1 =
2 =
3 =
5 =
4 = C

D

11.95 A 
10.47 B 
10.07 B 
7.854
8.066 
6.025

Mean
Mean
Mean
Mean
Mean
Mean 6 =

11.95 A 
10.47 B 
10.07 B 
8.066 C 
7.854 
6.025

Duncan’s New Multiple Range Test 
LSD value = 1.126
s_ = 0.3850 at alpha = 0.050
x
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H 12: SAS for the anthropological study

Variable Std Dev Minimum MaximumMeanN

AGE 6.413717.000022 27.22 44.00000

The SAS System

AGE Frequency Percent

SEX PercentFrequency

100.022100.0M 22

The SAS System

PercentMARSTAT Frequency

EDULEV Frequency Percent

Cumulative
Frequency

Cumulative 
Frequency

Cumulative
Frequency

Cumulative 
Percent

Cumulative
Percent

Cumulative
Percent

1 
3

1
2 
3

3
19

4
13
5

1 
1 
1
2
1
1
1 
1 
1
2 
4
2 
1
1 
1
1

13.6
86.4

18.2
59.1
22.7

3
22

4
17
22

13.6
100.0

17 
19 
20 
21 
22 
23 
24 
25 
27 
28 
29 
30 
31 
35
38 
44

1 
2 
3 
5 
6 
7 
8 
9

10 
12 
16 
18 
19 
20 
21 
22

18.2
77.3

100.0

4.5
4.5
4.5
9.1
4.5
4.5
4.5
4.5
4.5
9.1

18.2
9.1
4.5
4.5
4.5
4.5

4.5
9.1

13.6
22.7
27.3
31.8
36.4
40.9
45.5
54.5
72.7
81.8
86.4
90.9
95.5

100.0

Cumulative Cumulative
Frequency Percent
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MAJACT Frequency Percent

WHY51 Frequency Percent

PercentWHEN52 Frequency

PercentFrequencyWHY53

The SAS System

HOW54 Frequency Percent

HOWS 5 PercentFrequency

1
2
3

2
3

1
2
3

19
2
1

4
8

10

21
1

2
20

1
19
2

7
1
8
6

18.1
36.4
45.5

Cumulative
Frequency

Cumulative 
Frequency

Cumulative
Frequency

Cumulative 
Frequency

Cumulative 
Frequency

Cumulative 
Frequency

19
21
22

4
12
22

21
22

2
22

7
8

16
22

Cumulative
Percent

86.4
95.5

100.0

Cumulative
Percent

Cumulative
Percent

95.5
100.0

18.2
54.5

100.0

Cumulative
Percent

31.8
36.4
72.7

100.0

Cumulative
Percent

Cumulative
Percent

1
2
3

1
2

1
2
3
5

1
20
22

4.5
90.9

100.0

9.1
100.0

4.5
86.4
9.1

86.4
9.1
4.5

9.1
90.9

95.5
4.5

31.8
4.5

36.4
27.3
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WHY56 Frequency Percent

The SAS System 6

WHICH57 Frequency Percent

100.03 2222 100.0

PercentWHY58 Frequency

1
2

1
2

4
18

18
4

18.2
81.8

81.8
18.2

Cumulative
Frequency

Cumulative 
Frequency

Cumulative
Frequency

4
22

18
22

Cumulative
Percent

Cumulative
Percent

18.2
100.0

81.8
100.0

Cumulative
Percent
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H 13: ANOVA for effect of change of soil depth on moisture content

MOISTURE

Title: depth

Two Factor Randomized Complete Block Design

Factorial ANOVA for the factors:

Variable 4: moisture

Total Count = 72Grand Sum = 2333.040Grand Mean = 32.403

MEANSO FTABLE

Total41 2 3

*

*

Replication (Var 1: plot) with values from 1 to 2
Factor A (Var 2: block) with values from 1 to 6
Factor B (Var 3: depth) with values from 1 to 6

1 
2

1
2
3
4
5
6

32.683
33.064
32.497
32.068
32.156
31.952

20.902
25.022
29.782
36.251
40.379
42.084

32.475
32.331

1169.110
1163.930

250.830
300.260
357.380
435.010
484.550
505.010

392.200
396.770
389.970
384.810
385.870
383.420

1
2
3
4
5
6
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VARIANCE TABLEO FANALYS IS

ProbSource

Total 4468.52371

Coefficient of Variation: 3.07%

Number of Observations: 360.1657

Number of Observations: 120.2869

Number of Observations: 120.2869

Number of Observations: 20.7029

Degrees of 
Freedom

Sum of 
Squares

Mean 
Square

1
2
4
6
7

K
Value

1
5
5

25
35

0.373
10.824

4389.204
33.540
34.582

0.373
2.165

877.841
1.342
0.988

0.3772
2.1910

888.4584
1.3578

0.0774
0.0000
0.1990

Replication 
Factor A 
Factor B 
AB 
Error

F 
Value

s_ for means group 1: 
y
s_ for means group 2: 
y
s_ for means group 4: 
y
s_ for means group 6: 
y
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depth

Variable 4 : moisture

s
x

Original Order Ranked Order

H 14: Duncan’s New Multiple Range Test for effect of change of soil depth in 
moisture content

Mean
Mean
Mean
Mean
Mean
Mean

20.90 
25.02 
29.78 
36.25 
40.38 
42.08

Mean 
Mean 
Mean 
Mean 
Mean 
Mean

6 = 
5 = 
4 = 
3 = 
2 = 
1 =

42.08
40.38
36.25
29.78
25.02
20.90

1 =
2 =
3 =
4 =
5 =
6 =

MOISTURE
Title :

A
B
C
D
E
F

F
E

D
C

B
A

Duncan's New Multiple Range Test 
LSD value = 1.043

= 0.2869 at alpha = 0.050

Error Mean Square = 0.9880
Error Degrees of Freedom = 5
No. of observations to calculate a mean = 12


