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Abstract

The research project Info4Dourou 2.0 's main goal is to improve agriculture in
semi-arid regions by developing a support system that optimizes agricultural produc-
tion and water consumption based on continuous soil humidity measurements using
a sensor network. In this context, the main purpose of the study was to give more
scienti�c support to the agronomic model on which the sensor network is based. In
particular the research aims at understanding the soil water and plant dynamics in
order to give recommendations on the system design. The main feature of the system
is to indicate when irrigation must be triggered and in which soil moisture conditions.
The thesis developed a numerical model based on the software HYDRUS 2D to ac-
quire a precise knowledge on the soil water dynamics and was calibrated and coupled
with �eld experiments on two vegetable crops of eggplant and cabbage in Burkina
Faso using drip kit irrigation systems. A great focus was given on the plant response
to di�erent irrigation schedules and to water stress, considering aerial biomass de-
velopment, root distribution and �nal yields. Water stress was linked to continuous
measurements of the soil matrix potential at di�erent depth and locations. The �eld
experiments showed that a daily irrigation frequency resulted to better canopy devel-
opment during the �rst part of the growth but that great water savings are possible
by optimizing the schedule. Water stress was di�cult to track precisely by following
daily sap �ow behavior which suggested that plant stress occurs before transpiration
reduction, especially when biomass is building up. The adaptability of the root dis-
tribution was demonstrated and was clearly correlated with the wetted zone which
depended on the irrigation schedule. From the numerical model, it was shown that
using one sensor at a depth of about 10 cm was most appropriate in order to pilot
irrigation during the whole crop growth. The analysis showed that most of the water
savings could be achieved at relatively high threshold values and that low thresholds
mainly resulted to transpiration reduction which was not advisable. A threshold of
-20 kPa was proposed for the beginning of the growth stage which then decreases to
a value of -50 kPa at full canopy development. These thresholds are believed to be
adequate for most vegetable crops since they allow to keep the soil matrix potential in
the root zone at values that are tolerated by most plants. An analysis of the in�uence
of the soil texture also showed that similar values seem to perform well for most soils,
if assuming an adaptation of the root distribution to the wetted zone. The study
focused mainly on water stress but more research could be done on the impact of the
irrigation system on nutrients availability for example.
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1|Introduction

1.1 Irrigation in Burkina Faso

Burkina Faso is one of the poorest country in the world, with a gross domestic product (GDP) per
capita of about 1528 US $ in 2012 and ranking 181 over 187 countries in the world [1]. Its Inequality-
adjusted Human Development Index (IHDI) of 0.252 is also one of the lowest in the world ranking 181
over 187 [1]. In 2011 in Burkina Faso, 92% of the active population worked in the agricultural sector
and agriculture represented 33.8% of the total GDP [2]. Agriculture is thus of paramount importance to
promote economic growth and food security.

Agriculture takes place mainly during the rainy season (May-September) and irrigation is necessary
during the dry months. While the production from irrigated surfaces represents only 1% of the total
surface of arable lands, its share in the total production was estimated to be as high as 10% in 2012 [2].
Nevertheless, the potential to increase irrigation surfaces is important as only about 18% of the potential
irrigated lands are equipped with irrigation systems. Improved irrigation practices are required where
water is a scarce resource and good yields are di�cult to obtain. Adapted technologies and knowledge are
therefore essential to develop a sustainable and economically viable agricultural activity. The �rst project
results have shown that estimating water needs is not straightforward and a better water management
could improve agriculture by securing and/or improving yields, avoiding over-irrigation, and thus limiting
water consumption (avoid pumping costs or manual labour) and avoiding soil degradation.

Several technologies were introduced in the past decades to promote dryland irrigation, such as adapted
pumps (manual pumps, wells or drills, motor pumps and recently solar pumps), water tanks, as well as
adapted irrigation systems [3].
In this context, drip irrigation systems have been introduced in sub-saharian regions. Drip irrigation
systems have a much higher water delivery e�ciency, reducing water losses by evaporation and deep leak-
ages. Drip irrigation has shown an e�ciency of about 70 to 95% while traditional gravitation agriculture
only reaches about 40 to 75% [4].

Drip irrigation is still a marginal activity in Burkina Faso, representing about 1.5% of the irrigated
surfaces [2], but new technologies are being developed to respond to the local context and environment
of these regions and the market share is expected to grow in the near future. It was estimated in 2011,
that small-scale private irrigation (smaller than 20 ha) represented 46% of the total irrigated surfaces in
Burkina Faso [2]. A large potential to promote drip irrigation lies therefore in the promotion of family
drip-kits that can be installed on small surfaces at a�ordable prices. For example the NGO International
Development Enterprises (iDE), has developed a�ordable drip kits that are adapted to small-scale pro-
ducers and sold about 4460 kits in Burkina Faso in the past four years.

While those technologies improve greatly the labor work of the producers and improve water alloca-
tion, estimating adequate water needs and timing to maximize yields is still assessed by the producers.
Irrigation is therefore usually done on a visual appreciation of the soil and plant state and producers
mostly rely on their own experience. Precise irrigation based on hydro-meteorological and �eld data has
the potential to further optimize the situation. However environmental data are scarce and modern auto-
matic weather stations are costly and local maintenance is limited. Scienti�c support, data interpretation
and communication to rural areas are also limited.

1.2 The research project Info4Dourou 2.0

In this context, the research project Info4Dourou 2.0 managed by the Cooperation and Development
center (CODEV), from the Ecole Polytechnique Fédérale de Lausanne (EPFL), �rst aims at improv-
ing environmental data collection using technologies that are adapted to the local context and user. In
particular, the project has developed in collaboration with the swiss EPFL start-up Sensorscope a Wire-
less Sensor Network (WSN) that is a�ordable, adapted to harsh weather conditions, simple to install
and requiring low maintenance. These completely automatic weather stations allow real-time hydro-
meteorological data acquisition which can be used to give a simple information to the local producer (via
SMS), or used for scienti�c or research purposes by remote access via the web.
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Info4Dourou 2.0 has been launched in 2012, and �eld experiments with local producers have been tested
in several locations in Burkina Faso since then. It is supported by a team of local engineers in Burkina
Faso who are in charge of the local coordination of the project and the installation and maintenance of
the system. The system has been tested for its capacity to directly improve water consumption and yields
(dryland irrigation support) and from a more scienti�c aspect as a tool for improving the understanding
of the local hydro-meteorological processes. Eventually, the hydro-meteorological stations may be man-
ufactured, assembled, maintained and commercialized locally.

1.3 The WSN and water management system

The wireless sensing network consists of adaptable base stations that transmit environmental data to
a master station, that relay the data to a server. Each station consists of a small plastic box powered
through four standard AA batteries that are charged by a small 1.2W solar panel and thus requires no
external power supply. Many di�erent sensors (temperature, soil moisture, wind speed, etc.) can be easily
connected to the base station, thanks to a dedicated module. Each station possesses three such modules
plots, while each module can connect up to six sensors, depending on their type and power requirements.
The base stations use wireless communication and are self-organized into a multi-hop wireless network
that eventually transmits the information to a master station. The master station then communicates
the data to a database server via a GPRS connection. The base station can be easily transformed into a
master station by adding a GPRS module to it [5].
This system allows a very wide deployment of the network and is especially adapted to data collection
in harsh environments such as in high-mountains or drylands.

The research project Info4Dourou 2.0 focuses on optimizing the irrigation schedule and thus avoiding
over-irrigation, water stress during the dry season and drought pockets during the rainy season. The
WSN is used to monitor in real time the soil water status in the crop. In particular, a base station
connects three Watermark sensors that record the soil matrix potential, an alternative measure of the
water content in the soil, that directly represents the pressure needed to extract water from the soil.
Below a certain threshold de�ned by the technician, the soil is considered too dry and further water de-
pletion would result in water stress for the plant and in reduced yields. When the threshold is reached an
information is sent to the producer, indicating that the irrigation should be triggered. The information
is sent via text message (SMS) and additionally a LED embedded in the base station turns red. All
measurements can also be accessed on-line via the real-time web interface "Climaps". The functioning
of the system is illustrated in �gure 1.1.

Figure 1.1: Illustration of the functioning of the Wireless Sensor Network.

2



CHAPTER 1. INTRODUCTION T. Müller

The system deployed in Burkina Faso was only installed on vegetable crops where drip irrigation
systems where already installed. Though the WSN would work for any irrigation practices (surface
irrigation, californian system, etc.), it was only tested on drip irrigation systems that already help reducing
water losses and where water consumption was easy to measure.
In order to have a representative measure of the soil water status, three Watermark sensors are placed in
the �eld at di�erent location and the median value is used for interpretation. Using the median allows to
avoid problems due to heterogeneity in the water delivery (inherent to the drip kit) and heterogeneity in
the crop growth. All sensors are placed 10 to 20 cm away from a dripper and at a depth of 10 to 15 cm.
The project has been tested in 8 locations in Burkina Faso since 2012. In all locations, one experimental
crop where irrigation was triggered using the WSN was grown in parallel with one control crop where
irrigation was applied following the usual practice. Both crops were prepared similarly and at the same
date in order to allow comparison in terms of �nal water consumption and harvest. The analysis of the
results are promising and are summarized in �gure 1.2. The graph on the left shows the ratio of total
crop harvest over the water consumption (called Water Use E�ciency) for both control experiment and
experimental crops. It appears clearly that the ratio is always higher for the experimental crop using the
WSN. The graph on the right shows the median percentage of water savings and increased harvest in
comparison with the control experiment. Negative values mean an additional water consumption for the
experimental crop (blue bar) or a decrease in total harvest (green bar).
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Figure 1.2: Summary of the results obtained in 8 locations in Burkina Faso since 2012 for di�erent crops.
Comparison between the control crops (standard irrigation practice) and experimental crops (using the sensor
network).

1.4 Scope and objectives of the thesis

While the project Info4Dourou 2.0 has been launched in 2012 and the system has been tested on dif-
ferent locations, additional research still needs to be done on improving the current system, as the project
focused more on the technical aspects of WSN, on the social acceptance of the technology and on the
potential to improve irrigation scheduling, by comparing water consumption, yields, costs and revenues
in the experimental sites. The ultimate goal of this thesis is to optimize the design of the current WSN
used in Burkina Faso in order to propose an irrigation support system that assures the best yields given
the water consumption. To achieve this goal, a good understanding of the water-soil-plant-atmosphere
dynamics is essential.

The main focus of this study will be to understand the water dynamics in the soil and the plant re-
sponse to di�erent irrigation schedules. The irrigation schedule is characterized by the irrigation depth
brought to the crop and the frequency of irrigation. The maximal irrigation depth is determined by the
capacity of the water reservoir for drip-irrigation. If the irrigation depth is �xed, the irrigation frequency
will be optimized to avoid water stress. Speci�cally, the study will assess the impact of di�erent irrigation
schedules (depth and frequency) on the water distribution in the soil and the plant response in terms of
both root and aerial biomass developments. The main goals are the followings:

• Determining the best irrigation regime (depth and frequency of irrigation);

• Finding a proper location of the sensors, which is representative of the soil matrix potential in the
whole root zone;

3
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• Given the depth of the sensor, de�ning a threshold based on the soil matrix potential to trigger
irrigation to avoid water stress and yield losses but to optimize water needs as well;

• Determining a system that is adapted to di�erent vegetable crops;

• Designing a system that works for the whole crop growth;

• Understanding the impact of the soil texture on the system;

• Proposing di�erent systems given a class of soil texture or crop type;

• Designing an e�cient and a�ordable system adapted to Burkina Faso.

To acquire robust results we propose here to use two complementary approaches. On the one hand,
two experimental crops were grown in Burkina Faso, with speci�c irrigation schedules on which soil,
plant and meteorological data were collected. The in�uence of the irrigation frequency and irrigation
depth on water stress and transpiration reduction as well as on plant yield was evaluated. Based on the
�eld measurements, a numerical model using the software HYDRUS 2D was developed and calibrated by
matching the measured and modeled soil moisture at di�erent locations. The software will speci�cally
be used to allow a better understanding of the soil water dynamics but did not include a plant growth
model. Once the model has been properly calibrated, di�erent irrigation schedules and thresholds will
be tested and the corresponding total water needs and water stress will be quanti�ed and compared with
�eld measurements. Finally, the impact of the soil texture will also be assessed.

4



2|Theoretical background

2.1 Climate and soils in Burkina Faso

Burkina Faso is separated in three climatic zones. The Northern part of the country has a dry sahelian
climate, while the western southern part is a soudaninan zone, with higher relative humidity and rainfalls.
The general climate is shown in �gure 2.1.

Figure 2.1: Overview of the climate in Burkina Faso [6].

In average, the rainy season occurs from May to October, while precipitation is inexistent during the
rest of the year. During the wet months, irrigation may be required as short drought periods may occur
between two rainfall events. The dry season is usually divided in two cultural periods. The dry "fresh"
season, from November to March, is characterized by somewhat colder temperature but higher advective
conditions, due to strong, dry, winds. It has been reported a maximal evapotranspiration rate 1.6 times
higher than the reference evapotranspiration in such conditions (see chapter 2.4.3 for evapotranspira-
tion de�nition). The growing cycle is longer but the vegetative development is usually higher. The dry
"hot" season, from March to May is characterized by higher temperature and lower winds, resulting to
a shorter growing season. Total water needs are lower but lower yields were also recorded for the onion [7].

In general, the soils in Burkina Faso are poor in organic matter and nutrients [8]. They are usually
sandy and shallow with a ferralitic cuirasse situated near the surface. Eight main soil types were de�ned
in Burkina Faso which are: (1) ferruginous tropical soils (39%); (2) poorly evolved soils (26%); (3) hydro-
morphic soils (13%); (4) brown eutrophic soils (6%); (5) vertisols (6%); (6) halomorphic soils (5%); (7)
raw mineral soils (3%) and ferralitic soils (2%) [8]. Figure 2.2 shows their distribution. All textures are
characterized by a sandy surface horizon on top of a somewhat more clayey one. The density increases
with depth and drainage is usually reduced due to �ne clay particles and �ne sands. They have poor
nutrients content and low organic matter [8]. We summarized the average physical properties of the main
soil types in table 2.1 for the top 20 cm, where most of the crop roots are usually concentrated.
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Figure 2.2: Overview of the main soil types in Burkina Faso [6].

Particle size distribution Density Soil moisture at
�eld capacity

Soil moisture
at wilting point

Clay % Silt % Sand % [kg/m3] [%] [%]

Ferruginous
tropical soils

10.7 7.1 82.1 1.7 13.5 6.5

Poorly
evolved soils

28.9 10.5 60.6 1.3 19.8 8.6

Hydromorphic
soils

24.5 40.5 34.9 1.6 18.2 11.0

Brown eutrophic
soils

22.3 8.5 69.1 1.4 15.78 8.2

Vertisols 3.1 6.5 90.4 1.7 5.8 1.4

Ferralitic soils 6.6 11.5 84.6 1.6 8.5 2.8

Table 2.1: Overview of the physical property of the top 20 cm of main soil types in Burkina Faso (from Dembele
et al., 1991 [8])

Following the widely adopted USDA textural triangle [9], the textures can be classi�ed as sandy loam,
sandy clay loam or loam textures, except vertisols soils which corresponds to a loamy sand.
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2.2 Plant and water dynamics

2.2.1 Water �uxes

Crop water management is complex and requires a good understanding of the interaction between the
plant, the soil and the atmosphere. In particular, each water �uxes entering and leaving the continuum
must be assessed. Those main �uxes are shown in �gure 2.3 and are the precipitation; the runo� from the
soil surface; the net irrigation depth; the capillary rise from shallow groundwater; the water losses due
to deep percolation; the subsurface water movements and the crop evapotranspiration. The evapotran-
spiration can be further divided between the evaporation �ux and the transpiration �ux. Evaporation
is the physical process of water evaporation at the soil surface due to the combined e�ect of radiation,
temperature, wind and air humidity and only applies to the �rst centimeters of soils when soil is well
wetted and can expand its e�ect to about 15 to 30 cm depending on the soil texture when the soil surface
is drier [10]. Transpiration is the process of water uptake from the plants roots, through the stem, towards
the leaves and its vaporization through the leaves stomata mainly. Transpiration is also in�uenced by
meteorological conditions so that soil evaporation and plant transpiration are usually brought together
to form the term evapotranspiration.

Figure 2.3: Main water �uxes involved in the soil water dynamics (from FAO, 1998 [11]).

2.2.2 Plant growth

During its growth, the plant will have di�erent interactions with the atmosphere and the soil will
react di�erently to water de�cit and stress conditions. In order to determine a good water management,
some stages of plant development must be de�ned.
A general de�nition of plant growth for annual crops is used by the FAO, 1998 [11]. The development is
divided in four main growth stages:

• Initial growth: This is the �rst stage of growth just after transplanting, also called the vegetative
state. During this stage, biomass and leaf area development is limited and ends when ground cover
is about 10%. Evaporation from the ground is predominant compared to transpiration, especially
when the soil is wetted frequently.

• Crop development: This is the stage of root and shoot biomass building and leaf area develop-
ment. It ends at full leaf cover, which corresponds to the beginning of �owering for many crops.

• Mid-season: This stage is characterized by the �owering and production of fruits and it ends with
the start of maturity, the beginning of ageing, the start of leaves senescence and the browning of
fruits. This is generally the longest growth period for many vegetable crops and corresponds to the
period of maximal water consumption.

• Late season: This last stage ends with the end of harvests or full senescence of the plant. During
this stage crop water needs slowly decrease.

During each phases, some general parameters are used to characterize plant water needs, tolerance to
stress, biomass growth, etc. The FAO possesses a wide database summing up reference values for these
parameters [11]. The duration of crop growth stages as well as the growth parameters are however
in�uenced by the hydro-meteorological conditions and are speci�c to each crop. Corrections to account
for the local climate are therefore essential to build a realistic model.

7



CHAPTER 2. THEORETICAL BACKGROUND T. Müller

2.2.3 Soil water dynamics

Di�erent processes are dependent on the soil physical and chemical properties and will determine the
water movements in the soil and its availability for the plant. Those processes are moreover spatially
inhomogeneous in three dimensions. A good understanding of the water dynamics is essential to optimize
the sensor network.

In unsaturated soils, the main soil physical properties are the hydraulic conductivity, the soil volumetric
water content (called soil moisture) and the soil matrix potential (also called water potential). Those
properties are linked to each other given the soil characteristics and di�erent theoretical models exist to
describe them.

The soil matrix potential represents the force that binds the water droplets to the thin soil pores. When
the soil dries out only the water bound to the smaller pores, where the forces (capillarity and van der
Walls) are greater, is retained. Its value is maximal at saturation and amounts to 0, and then decreases
below zero when the soil dries out. The soil matrix potential is linked to the volumetric water content
of the soil, but their relationship depends on the soil texture and their pore distribution. The hydraulic
conductivity describes the speed of water in�ltration through pore spaces. The hydraulic conductivity
is maximal at saturation and decreases with increasing negative soil matrix potential. The equations
characterizing the soil water dynamics are detailed in chapter 2.5.2.

Each soil type posses its own physical proprieties. The soil moisture retention curve (see �gure 2.4)
shows the relationship between the above mentioned parameters for di�erent soil types. It is interesting
to note in particular that coarse soils (such as sandy soils) have already very low soil moisture at relatively
high soil matrix potential (around -30 kPa), while �ne texture soils have a more constant decrease (note
that the x-axis has a logarithmic scale). Due to this e�ect, coarse soils are characterized by the highest
hydraulic conductivities at saturation but have a very steep decrease, so that the conductivity becomes
much lower below -10 kPa.

Soil matrix potential [kPa]
-103-102-101-100

S
oi

l m
oi

st
ur

e 
[%

]

5

10

15

20

25

30

35

40

45

50

Loamy Sand
Sandy Loam
Sandy Clay Loam
Loam
Clay Loam
Silt
Clay

Soil matrix potential [kPa]
-103-102-101-100

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 [c

m
 / 

d]

10-20

10-15

10-10

10-5

100

105

Loamy Sand
Sandy Loam
Sandy Clay Loam
Loam
Clay Loam
Silt
Clay

Figure 2.4: Relationship between soil matrix potential and soil moisture (right) and between soil matrix potential
and hydraulic conductivity (left) for di�erent soil texture. The curves were calculated based on the texture
parameters proposed by Carsel et al., 1988 [29].

2.2.4 Water stress

The de�nition of water stress itself is not straightforward as di�erent levels of water stress will have
di�erent e�ects on the plant. Water stress is usually linked to stomatal closure, which is a physiological
response of the plant to a low water potential in its tissue. Water potential is a measure of the pressure
in the plant tissue. Its value is negative which illustrates the succion of water, so that increasing negative
values represent a greater force required to "pump" water. Stomatal closure limits water losses from the
leaves to prevent damages of water stress (cell growth, photosynthesis, etc.) which in turn reduces the
potential transpiration of the plant. It is therefore usually assumed that there is a direct link between
transpiration reduction and a decrease in biomass production and yields [12]. Under no water stress
condition, the xylem water potential ranges from about -0.1 to -1 MPa [13].
Some studies also suggest that some damages can occur before stomatal closure, at higher tissue water
potential, such as cell growth reduction [14], and in particular at young stages during plant growth and
biomass formation [15]. In AquaCrop, the new model from the FAO [15] & [10], di�erent e�ects of water
stress are de�ned. The �rst e�ect of water stress is the reduction of the canopy expansion, leading to an
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suboptimal canopy cover at the end of the crop development stage. This in turn will have an e�ect on the
potential transpiration (due to lower leaf area) and �nally on the yields. Then occurs canopy senescence
which decreases the canopy cover and transpiration rate, even after the end of the development stage,
during the mid-season. More or less simultaneously to senescence, stomatal closure occurs when rela-
tively severe water stress is applied. Stomatal closure will have a direct e�ect on transpiration reduction
and will also decrease the photosynthesis leading to reduced fruits growth during yield formation. The
AquaCrop model suggests that at early stage, plants are exposed to water stress relatively early leading
to reduced canopy development and that transpiration reduction is not a good indicator of water stress
at early growth stage, as it appears only for more severe stress. At mid-season, once canopy development
is maximal, water stress can be more severe and is more linked to transpiration reduction and early
canopy senescence. Finally, even though plants are tolerant to a higher soil water depletion level after
early stages, the e�ect of water stress will be more severe as it will directly a�ect the growth and quality
of the fruits [15].

Since the water availability in the soil directly in�uences the ability of the plant root to extract wa-
ter, water stress is also linked to the soil water de�cit. The soil water enters the roots due to a di�erence
in water potential between the plant and the soil. The plant water potential must remain lower to some
degree to the soil matrix potential so that the pressure di�erence overcomes the soil-root resistance [12].
The soil matrix potential is thus directly linked to plant water potential and water stress. Below a certain
value of soil matrix potential, the roots will no longer be able to extract the water at maximal rate which
will result in lower tissue water potential and water stress. Typical values of limiting soil matrix potential
range from about -30 to -100 kPa, depending on the plant type [16].

2.2.5 Salinity stress

Water stress is not the only factor in�uencing plant growth. As soil moisture decreases after an ir-
rigation event, the soil water salinity increases due to evaporation of the water at the soil surface and
water and selective ion uptake by the roots. Some ions with limited mobility may accumulate in the root
zone to levels that are critical for plant growth. The �rst e�ect of salinity stress is a decrease in the root
water uptake capacity, followed by an osmotic stress due to high salts accumulation in the plant. Usually
salinity stress is due to the accumulation in the soil and consequently in the plant tissues of Na+ and Cl−

ions. There are various physiological e�ects of osmotic stress such as interruption of membranes, reduced
photosynthetic activity, water loss from the leaves, nutrient imbalance, inhibition of essential nutrients
uptake such as K+ [17].

Salinity stress is a major concern for any irrigation technologies (surface, sprinkler, drip irrigation) when
using irrigation water that contains a certain level of dissolved ions, given its source. Frequent irrigation
therefore causes an increase in the salt concentration over the long term in the soil and leaching of the
salts may be required. Leaching of the salts consists in the application of a higher irrigation amount than
the actual evapotranspiration rate (above water consumption), in order to drain some water and part of
the ions below the active root zone [18]. Usually salt leaching can be done intermittently when critical
levels are reached in order to "�ush" the salts out of the root zone. In the case of drip irrigation when
applying frequent irrigation depths and keeping the soil in a medium-wet state, leaching is done contin-
uously and the salts tend to accumulate at the edge of the wet zone, limiting salinity stress in the root
zone [18]. The irrigation schedule has therefore an in�uence on the salinity concentration as it in�uences
hydraulic conductivity and osmotic potential. Assouline et al., 2006 [19] showed for instance that a daily
irrigation frequency resulted in the lowest salt concentration for drip irrigation of a bell pepper crop and
was better than higher irrigation frequency.

Soil salinity is usually assessed by measuring the electrical conductivity of the pore water (ECe). This
was done historically by extracting the solution of a saturated soil paste but new in-situ methods rely on
measuring the bulk soil electrical conductivity (ECb) and converting it using a theoretical equation [20].
An extensive database on plant tolerance to soil salinity was summed up by Maas, 1993 [21],[22].

2.3 Irrigation technologies

Dryland irrigation still needs development, with only 18% of the potential surfaces being irrigated in
Burkina Faso in 2012. Surface irrigation is the major practice in Burkina Faso, as it represents 85.4%
of the total surface in 2011, against 13 % for sprinkler irrigation and 1.6% for drip-irrigation. Water
supply is also a critical activity, since 75.3 % of the producers carry the water manually, while 15.2 %
use motor-pumps and 6.3% use manual treadle pumps [2].
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More advanced irrigation practices have therefore a great potential to reduce physical labor and time
dedicated to irrigation, to save precious water amounts reducing pumping costs or allowing greater irri-
gation surfaces and to increase or stabilize yields.
Among the existing technologies, interests for drip-irrigation increased quickly in the past years, because
of its potential to improve the water delivery from the water reservoir to the active root zone of the plants.
The water delivery e�ciency of drip irrigation is about 70-95%, against 55-85% for sprinkler irrigation
and 40-75% for surface irrigation [4].

The �gure 2.5 illustrates the di�erent irrigation practices. The soil water availability is here illustrated
by the mean root zone soil moisture (s). Irrigation is characterized by three main parameters. The
intervention point (s̃) corresponds to the soil moisture at which irrigation is triggered and the target level
ŝ corresponds to the soil moisture level to which the soil is replenished after an irrigation application.
Water stress occurs when the soil moisture falls below a certain level (s∗) so that in order to avoid stress,
the intervention point must be equal or higher than s∗. The practice of letting s̃ fall below s∗ is called
de�cit irrigation, as a mild water stress is applied to the crop. In the case of surface irrigation, high
irrigation depths are applied at lower frequency so that the soil is almost saturated s∗. On the opposite,
the goal of micro irrigation is to keep the soil moisture to a relatively constant value that is optimal for
the plant so that the target level s∗ is practically identical to the intervention point s̃. This is achieved
by applying frequent (or even continuous) small irrigation depths during the day. This practice is dif-
ferent from classic irrigation schemes where the soil is almost brought to saturation, or at least to high
soil moisture level after an irrigation event and then slowly dries out. Keeping a relatively constant soil
moisture avoid over-irrigation and water stress situation [23].
In practice however, the drip irrigation systems available in Burkina Faso have a relatively high discharge
rate, so that it is di�cult to assure a constant soil moisture and irrigation is triggered once or twice a
day, so that the target level is higher than the intervention point.

Figure 2.5: Illustration of the di�erent irrigation practices. The white area corresponds to parameters combi-
nations that do not occur in reality (from Vico et al., 2011 [24]).

2.3.1 Drip irrigation

Drip irrigation is an advanced irrigation system, consisting of a dense pipe network connected to a
water reservoir that delivers the water directly near the plant stem. Usually PVC pipes are used and
drippers are placed along them, which slowly delivers the water to the plants. Subsurface drip irrigation
consists of an underground pipe network that directly delivers the water into the root zone, while surface
drip irrigation systems are laid on the ground.
Drip irrigation can optimize water management greatly. It avoids water losses from tank to plants with
its pipe network and the irrigated surfaces are limited to the plant zone, limiting surface evaporation.
Since soil moisture in the root zone can be kept at a stabilized level, it can optimize plant growth and
physical labor is simpli�ed as only a main gage needs to be open to irrigate the whole �eld.
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Drip irrigation systems were �rst constructed for advanced irrigation management in more developed
countries but new systems are developed to match the needs of the producers and the technical speci-
�cities of the Sahel region. The �rst constrains concerning drip-irrigation in developing countries is the
relatively high capital costs, which limit their promotion for small-scale producers with little savings. New
technologies are in research to reduce the costs. Those new systems are e�cient but some drawbacks
can be noted. There is a risk of clogging of the drippers, due to the dirt from the irrigation water and a
regular check of the drippers is therefore required, even though a �lter is placed directly after the water
reservoir. Another di�culty is to assure a relatively constant dripper discharge rate and an acceptable
distribution uniformity of the water in whole �eld given the low pressure in the pipes. Di�erent tech-
nologies of drippers have therefore been developed. The dripper can either consist of a simple hole made
in the pipe, but irrigation uniformity is very bad. The NGO iDE has developed micro-tubes which are
small tubes simply plugged in the pipe, they are relatively cheap, maintenance is easy and distribution
uniformity is improved, the discharge is however directly linked to the pressure head in the pipe. More
advanced emitters contain a device inside the pipe that creates a turbulent �ow inside this device before
the water exits the pipe. This allows to disconnect the water pressure inside drippers from the pipe and
therefore to allow a lower and more constant discharge rate. Consequently, this type of technology allows
a more uniform water distribution over the crop.

2.3.2 Irrigation schedule

While the irrigation systems cited above improve the water delivery e�ciency and thus allow great
water savings, those technologies do not manage the irrigation schedule. Many producers trigger irriga-
tion following there own experience, without any calculations, or rely on general information from the
national meteorological institute or NGOs.
The goal of developing a good irrigation schedule is to predict the crop water needs, and delivering the
corresponding water amount and thus avoiding water losses mainly by percolation below the root zone
and maximizing yields. There are di�erent methods to achieve this goal.

Basic irrigation schedule

The classic method is based on a soil water balance approach. It consists of estimating the water
needs by calculating the crop evapotranspiration (ETc) based on historical meteorological and plant data
adapted to the local context. This method is detailed in chapter 2.4.2. This is the most commonly used
approach with a lot of data available. This method draws a �xed irrigation schedule.

Triggered irrigation

Other new approaches rely on direct measurements on the �eld to assess the plant state and to detect
when to trigger irrigation [14]. It aims to detect a certain level of water depletion in the soil below which
plant growth would be reduced, which indicates that irrigation should be triggered.

Measurements can be done directly on the plant, by assessing the plant water tissue by measuring
the stem water potential with a pressure chamber or using a psychrometer, for example. The stomatal
conductance can also be measured with a porometer or using thermal sensing on the plant leaves. Finally,
the sap �ow within the stem can be measured to detect transpiration reduction [14].

Alternatively, water stress can be assessed by measuring the soil water de�cit. The irrigation can be
triggered by using soil matrix potential sensors, that are placed in the soil. The di�culty resides in
�nding a location that is representative of the averaged soil moisture. The advantage of using soil matrix
potential sensors is that there are not dependent on the soil type and are directly linked to the plant
capacity to uptake water. Soil moisture sensors can also be used, but knowledges on the soil type are
needed to express the critical value of soil matrix potential in soil moisture value.

Those methods do not assess the daily water needs but directly monitor water stress. They avoid irrigat-
ing too often and allow the soil to dry until a critical threshold is passed. It has therefore the potential
to optimize plant growth by avoiding water stress and to avoid over-irrigation by optimizing the timing
of irrigation. The system can be further automatized so that the irrigation is triggered directly when the
threshold is detected, which save time for the producer.

Some limitations should however be noted. First, the system can only limit stress due to water de�cit,
but other phenomenon can limit growth such as heat, radiation or saline stress, diseases or lack of nutri-
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ents, etc. The system is therefore not completely autonomous and the expertise of the producer is still
required on the �eld. Secondly, the sensing system is usually only placed on a few plants or location in
the soil, which assumes an homogeneous crop, with homogeneous soil texture, soil moisture and plant
state. This may however not be the case, especially with low-cost drip kits which distribution uniformity
is not assured. Finally, there is still a risk of irrigating too much at once, by applying a too important
irrigation depth that would recharge the soil below the e�ective rooting depth.

2.4 Estimation of water needs

2.4.1 The water balance

The commonly used approach to estimate plant water needs aims at quantifying the di�erent �uxes
entering and leaving the soil-plant-atmosphere continuum in a given time interval, in order to assess the
daily water losses and the soil water storage. The main �uxes of this system were discussed in chapter
2.2.1. They are the precipitation (P); the runo� (RO); the net irrigation depth (I); the capillary rise
(CR); the crop evapotranspiration (ETc ) and deep percolation (DP) (�gure 2.6).

Figure 2.6: Water balance �uxes and root zone water reservoir (from FAO, 1998 [11]).

The balance of all those �uxes determine the quantity of water stored in the soil. The soil has moreover
an upper and lower water storage capacity. The upper limit is reached when the soil moisture is at �eld
capacity (θfc). Field capacity is usually de�ned as the water content corresponding to a soil matrix
potential of -33 kPa, below which drainage �ux is considered negligible. This de�nition is however not
exact and is only relevant for medium soils. We prefer the de�nition used by Twarakavi et al., 2009 [25]
and in HYDRUS 2D, de�ning �eld capacity as the soil matrix potential corresponding to an unsaturated
hydraulic conductivity (K) of 0.01 cm/d. The lower limit is reached when roots can no longer extract
water from the soil and is called the permanent wilting point (θpwp). The water content at permanent
wilting point is normally de�ned as the water content at -1500 kPa. The total available water (TAW)
in the root zone (zr) can be then calculated via eq. (2.3). Using the water balance approach the goal
is to calculate the water de�cit (Dr), representing which part of the TAW is depleted. If using a daily
interval, the water de�cit at day i is de�ned by eq. (2.3) [11].
The plant will su�er from water stress when only a fraction of the TAW is depleted. A value corresponding
to the average fraction of TAW that can be depleted (p) has been estimated for many crops at di�erent
growth stages and summed up by the FAO, 1998 [11]. The Readily Available Water (RAW ) expresses
therefore which soil moisture amount can be depleted before water stress occurs and is de�ned in eq.
(2.3).

TAW = (θfc − θpwp) · zr (2.1)

Dri = Dri−1 − (Pi −ROi) − Ii − CRi + ETi +DPi (2.2)

RAW = p · TAW (2.3)
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In the case of drip irrigation during the dry season, many �uxes can be neglected. There is no
precipitation during this season, drip irrigation avoids runo� and capillary rise is usually low due to deep
water table and due to the sandy soil texture, so that the only important �uxes are the evapotranspiration,
the deep percolation and the irrigation. By only considering those �uxes, the average soil moisture in the
root zone can be estimated similarly to the water de�cit and is detailed in eq. (2.4) and (2.5) [26].

nz
∂s(t)

∂t
= I(s, t) − ET (s, t) − L(s, t) (2.4)

s(t) =
θ(t)

θsat
(2.5)

Where n is the soil porosity; z is the root depth; s(t) is the relative soil moisture at time t; θsat is the
soil moisture at saturation; I(s, t) is the rate of in�ltration from the irrigation; ET (s, t) is the evapotran-
spiration rate and L(s, t) is the rate of deep in�ltration (or leakage).

All these �uxes are dependent on the time t and the soil moisture s, as those �uxes can be limited
when soil moisture falls below a certain point.

2.4.2 Irrigation schedule

The irrigation schedule is characterized by the irrigation depth brought to the crop and the frequency
of irrigation. The irrigation depth corresponds to a water volume applied on a certain crop area. Its
units are therefore expressed in liters/m2 but more commonly in millimeters [mm] like precipitations.
The best irrigation schedule should aim at avoiding water losses out of the root zone by optimizing the
soil water availability. The main water losses are due to evaporation, transpiration and deep percolation
in our system. The schedule should aim at avoiding deep percolation by applying an adapted irrigation
depth and optimizing the plant transpiration. Moreover it is possible to reduce the soil evaporation from
the top soil surface by reducing the irrigation frequency, letting the soil dry at the surface and promoting
a deep root zone. Finding the best compromise between water savings and optimized transpiration is not
straightforward and will be assessed in more detailed using the software HYDRUS 2D.

In general, with an appropriate water management, it is possible to avoid deep percolation so that
the water needs are directly linked to the crop evapotranspiration. The basic irrigation schedule consists
of matching the irrigation depth with the crop evapotranspiration, so that 100% of ETc is brought to
the �eld at a certain frequency. Eq. (2.6) and (2.7), illustrate the calculation of the frequency and the
irrigation volume to apply to the crop given a chosen irrigation depth (Irrn).
The irrigation depth can be as high as the RAW , with a low frequency, so that the water de�cit increases
until the RAW is almost reached and irrigation is triggered just before water stress occurs.

Irrigation frequency [day−1] =
ETc · fleaf
Irrn · fw

(2.6)

Actual irrigation volume [Liters] =
Irrn ·Adripkit · fw

et
(2.7)

Where Irrn is the net irrigation depth [L/m2/day] or [mm]; ETc is the crop evapotranspiration
[L/m2/day] or [mm/day]; Adripkit is the area of the drip kit [m2]; et is the overall e�ciency of water
delivery to the plant (assumed to be 0.9) [-]; fleaf is the fraction of soil covered by vegetation (at full
development stage) [m2 ·m−2] and fw is the fraction of soil wetted by irrigation [m2 ·m−2].

With the use of drip kits, irrigation occurs only at speci�c locations, near the plant, so that the crop is
only partially irrigated. If the drippers have a high spacing (0.5m x 1m, for example), each irrigated area
are disconnected, leading to very inhomogeneous water availability in the soil, with areas with reduced
evaporation. In this context, it becomes critical to estimate the fraction of the soil that is e�ectively ir-
rigated (fw), in order to accurately calculate the irrigation volumes required. Moreover, the crop canopy
may not cover the whole drip-kit area so that ETc must be reduced to the fraction of soil covered by
vegetation (fleaf ).

We used the software HYDRUS 2D to acquire a better understanding of these processes and to adjust
our calculations. The calculated standard potential evaporation and transpiration were input parameters
of the model. The modeling procedure with HYDRUS 2D is detailed in chapter 3.2.
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2.4.3 Evapotranspiration calculation

A considerable amount of literature details the standard procedure to estimate water needs in the case
of well watered, large and homogeneous �elds. Estimation of water needs become however more complex
in the case of partially covered crops with partially irrigated surface such as it is usually the case for drip
irrigation. In such inhomogeneous cases, some locally speci�c parameters have to be calibrated to obtain
realistic estimation. We detail here the calculation procedure for standard conditions (well watered and
homogeneous crop) as it is the basis for any irrigation planning.
Evapotranspiration from a speci�c crop in its environment is calculated based on the evapotranspiration
of a standard reference crop (ET0) and adjusted with a crop coe�cient (Kc), speci�c to each crop, and
an environmental coe�cient (Ks) as summarized in �gure 2.7.

Figure 2.7: Standard procedure to calculate ETc (from FAO, 1998 [11]).

Reference Evapotranspiration ET0

The most widely accepted method to calculate the reference evapotranspiration ET0 is based on
the Penman-Monteith equations, detailed by the FAO, 1998 [11]. ET0 for a grass reference surface is
determined by the eq. (2.8).

ET0 =
0.408∆(Rn −G) + γ 900

T+273u2(es − ea)

∆ + γ(1 + 0.34u2)
(2.8)

Where ET0is the reference evapotranspiration [mm · day−1]; Rn the net radiation at the crop surface
[MJ ·m−2 · day−1]; G the soil heat �ux density [MJ ·m−2 · day−1]; T the air temperature at 2 m height
[◦C]; u2 the wind speed at 2 m height [m · s−1]; es the saturation vapour pressure [kPa]; ea the actual
vapour pressure [kPa]; es− ea the saturation vapour pressure de�cit [kPa]; ∆ the slope vapour pressure
curve [kPa · ◦C−1] and γ the psychrometric constant [kPa · ◦C−1]

Crop Evapotranspiration ETc

Following the FAO recommendations [11], crop evapotranspiration is calculated via eq. (2.9) and is
based on the crop coe�cient Kc which depends on the crop type and the growth period.

ETc = Kc · ET0 (2.9)

Moreover the single crop coe�cient (Kc), which incorporates averaged crop and soil characteristics,
can be separated between two dual crop coe�cients, Kcb for transpiration and Ke for evaporation. The
calculation procedure follows chapter 6 and 7 from the FAO, 1998 [11]. A maximum crop coe�cient
Kcmax can also be calculated using eq. (2.10) which re�ects the case of a very frequently irrigated crop
with maximal soil evaporation. Reference values for the transpiration coe�cient Kcb are suggested by
the FAO, 1998 [11] for di�erent crops and growth stages but they need to be adjusted to the local climate
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conditions as described in eq. (2.11). Finally the evaporation coe�cient Ke can be calculated via eq.
(2.12).

Kcmax
= 1.2 + [0.04(u2 − 2) − 0.004(RHmin − 45)] · (h/3)3 (2.10)

Kcb = Kcb + [0.04(u2 − 2) − 0.004(RHmin − 45)] · (h/3)3 (2.11)

Ke = Kcmax
−Kcb (2.12)

Where u2 is the wind speed at 2m height [m · s−1]; RHmin the relative humidity [%] and h the mean
plant height during the speci�c growth stage [m].

ETc under soil water stress conditions

Previously we assumed optimal soil water availability for the crop and frequent wetting leading to
maximal soil evaporation and transpiration. This is not applicable for all crops, especially where water
is scarce. Indeed, the soil surface will dry which will reduce the actual evaporation rate and water stress
may occur leading to reduced transpiration.
To account for those environmental conditions a water stress coe�cient Ks is introduced (�gure 2.7).
The calculation of Ks is detailed in chapter 2.5.4.

2.5 Modeling soil water dynamics

We present here the main equations used in HYDRUS to simulate water �ow in an unsaturated soil.

2.5.1 Governing water �ow equations

The governing equation for a one-dimensional uniform �ow of water in an unsaturated medium is
based on the Richards' equation (eq. 2.13) [27].

∂θ

∂t
=

∂

∂t

[
K(h, x)

(
∂h

∂x
+ cos(α)

)]
− S(h, x) (2.13)

K(h, x) = Ks(x) ·Kr(h, x) (2.14)

Where h is the water pressure head [L]; θ is the volumetric water content [L3L−3]; t is time [T ]; x is the
vertical coordinate [L]; S(h, x) is a sink term accounting for water uptake [L3L−3T−1]; α is a the angle
between �ow direction and the vertical axis; K(h, x) is the unsaturated hydraulic conductivity [LT−1];
Ks(x) is the saturated hydraulic conductivity [LT−1] and Kr(h, x) is the relative hydraulic conductivity
[−].

2.5.2 Soil hydraulic properties

The model selected to characterize the soil hydraulic properties is based on the van Genuchten -
Mualem equations (eq. 2.15 and 2.16) [28]. These equations have been broadly used and validated in
the literature [29], [30]. They describe mainly the relationship between soil matrix potential, volumetric
water content, e�ective saturation and soil hydraulic conductivity.

θ(h) = θr +
θs − θr

[1 + (αh)n](1−1/n)
(2.15)

Se =
θ(h) − θr
θs − θr

(2.16)

K(Se) = K0S
l
e[1 − (1 − Sn/(n−1)

e )(1−1/n)]2 (2.17)

With: h: Soil matrix potential [cm] (taken positive for increasing succion); θ(h): Corresponding
volumetric water content [cm3cm−3]; θr Residual water content [cm3cm−3]; θs: Saturated water content
[cm3cm−3]; Se: E�ective saturation [−]; K0: Hydraulic conductivity at saturation [−]; α: Calibration
parameter [cm−1]; n: Calibration parameter [−]; l: Calibration parameter [−] (generally assumed to be
0.5)
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2.5.3 Root water uptake

Two main models to characterize the root water uptake are implemented in HYDRUS 2D. The model
based on Feddes et al., 1978 [31] contains a database on many vegetable crops and has been widely
reviewed in the literature. It de�nes a linear water stress below a certain threshold (h3) until the
permanent wilting point (hpwp) is reached (eq. 2.19) [32]. Additionally a water stress is implemented
near soil water saturation due to de�cient aeration conditions (anaerobiosis point).
The second model proposed by van Genuchten called S-Shaped Model [33], proposes a non-linear reduction
function (eq. 2.20).

S(h, x) = α(h, x) · b(x) · Tp (2.18)

α(h) =
hpwp − h

hpwp − h3
if hpwp < h < h3 (Feddes) (2.19)

α(h) =
1

1 + ( h
h50

)p
(V an Genuchten) (2.20)

Where S(h, x) is the sink term; b(x) is the normalized water uptake distribution with depth [cm−1]; Tp is
the potential transpiration rate [cm s−1]; α(h) Water stress reduction function [-]; h Soil matrix potential
[cm]; hpwp; Soil matrix potential at permanent wilting point [cm]; h3 Soil matrix potential below which
water stress occurs [cm]; h50 Soil matrix potential at which root water uptake is reduced by 50% [cm]; p
Calibration parameter [-].

The spatial distribution of the root water uptake (b(x)) is a key parameter to characterize the soil
water dynamics. The root water uptake function is however di�cult to determine precisely. Most models
are based on a root density function that can be measured experimentally on the �eld and the potential
rate of transpiration [34],[35]. Indeed Coelho et al., 1999 [36] showed that root water uptake and root
length density followed similar distribution during the plant growth and evolved similarly, though the root
water uptake adapted very rapidly to the spatial availability of water, while the root length distribution
adaptation was slower.
Patterns of root development vary greatly from the plant type, the irrigation pattern and the soil texture.
Portas, 1973 [37] showed that the root system of melon, could either penetrate deep in the soil, with very
tight lateral development in non-irrigated crops or either spread very brightly (5 times wider) with a
shallow depth (2 times shallower) if frequently irrigated. The root elongation and direction in the soil
depend indeed mainly on the soil resistance (mechanical impedance) and the water availability (water
stress) [38]. In addition to the vertical and horizontal elongation of the roots, the root density function
with depth can also vary. Some general patterns have been proposed by Coehlo et al., 1995 [39] for drip
irrigation, the most commonly used 1-dimensional distribution consisting in a maximal density at the
top, with a linear or Gaussian decrease with depth until the maximal root depth [10].

2.5.4 Transpiration reduction

In HYDRUS, the transpiration reduction is calculated as detailed in chapter 2.5.3, by calculating the
sink term S(h, x). Since root density is not homogeneous, some parts of the soil dry faster than others,
due to higher root water uptake. Roots will su�er water stress earlier in those zones which will decrease
their rate of water uptake. This may however not lead to transpiration reduction as many plant roots
have the capacity to compensate this local water stress by taking up more water in others parts of the
root zone where water depletion is lower [32]. A root adaptability factor accounting for root water uptake
compensation has therefore been introduced in HYDRUS 2D [40]. This method allows to determine root
water stress very locally within the root zone and enables the root water uptake to adapt very rapidly,
but transpiration reduction occurs only when water is depleted below a certain level in the whole root
zone (when full compensation is not possible anywhere).

Another method to assess transpiration reduction is based on the FAO, 1998 [11]. The general method
from the FAO is based on the TAW and the p factor accounting for the fraction of the TAW that can be
depleted before water stress occurs. The reduction of the transpiration was de�ned using a transpiration
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reduction factor (Ks), dependent on the water de�cit.

Ks =
TAW −Dr

(1 − p) TAW
(2.21)

ETcadj
= Kc ·Ks · ET0 (2.22)

This method is directly linked to the water availability in the whole root zone and does not assess the water
stress in di�erent parts like in HYDRUS. One inconvenient of this method is that the water depletion is
dependent on the soil type, so that a depletion of the TAW of 40% for instance, corresponds to di�erent
values of soil matrix potential, from about -10 kPa for a loamy sand soil to -100 kPa for a clay texture
(see �gure 2.8). The FAO suggests therefore to adapt the p factor for very coarse or �ne texture by about
± 10% [11].
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Figure 2.8: Relationship between the soil matrix potential and the fraction of water depletion p. Soil parameters
were taken from Carsel et al., 1988 [29].

While the HYDRUS method seems more reliable as it assesses the water availability more precisely,
some parameters are di�cult to estimate such as the degree of water uptake compensation and the
threshold values used for the water stress reduction function (α(h)). Only a database from the Feddes
model is available [16]. On the other side, the FAO method relies on a large set of literature and
experiences making it also a realistic and robust model.

2.5.5 Calculation of yields

Calculating crop yield is a complex task as it relies on many di�erent processes. Yield is linked to
plant biomass, transpiration, water, salinity and temperature stress, CO2 levels, soil fertility, etc. The
HYDRUS software does not include a such module. The FAO model AquaCrop proposes a methodology
to estimate yields [10]. It includes the major parameters in�uencing plant growth and yield formation.
The model is relatively complex and falls beyond the scope of this study. The main processes are shown
in appendix A.1.
The impact of water stress in this model in�uences di�erent parameters. First, water stress at early growth
stage will limit the green canopy development which will lead to reduced canopy (and transpiration) at
the end of the development stage. Then during the mid-season, water stress leading to stomatal closure
or early senescence will decrease transpiration rate. Reduced transpiration in�uences then the plant
biomass. Biomass is �nally linked to yield by using an adjusted harvesting index, which is also in�uenced
by water stress through failure of pollination.

2.6 Towards the de�nition of a threshold to trigger irrigation

As discussed above, the soil water dynamics is spatially highly heterogeneous, due to the spatial
root water uptake, the soil hydraulic conductivity and the water �uxes. The water dynamics is further
in�uenced by the soil texture modifying the plant and soil response and the plant type with its own
adaptability to stress and root development pattern. In this context, detecting water stress using a
simple system in the �eld is a complex task. The proposed system used in this research is based on the
monitoring of the soil matrix potential, which is directly linked to the ability of the plant to uptake water.
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Di�erent studies have proposed thresholds for a few crops using a similar system. Values di�er however
greatly and no general methodology has been proposed so that comparison between studies is di�cult.
Based on the Feddes model, Taylor, 1972 [16] has proposed a large database on values of soil matrix
potential leading to water stress which is implemented in HYDRUS. Those values are considered too low
in newer studies [41], most probably because it does not take into account the whole root zone dynamics
and that other studies focused directly on maximal yield and not water stress. For tomato for instance,
values as low as -60 to -150 kPa were proposed by Feddes, but Thompson et al., 2007 [41] reported a
threshold between -38 and -58 kPa depending on the variety and growing season, with sensors placed at
10 cm depth in a sandy loam soil. Bower et al., 1975 [42] suggested even a lower threshold of -20 kPa in a
clay loam soil at 15 cm depth and Wang et al., 2005 [43] found that irrigating only when the soil reached
-30 kPa in a gravelly loam soil resulted to the highest yield. For other crops, Thompson et al., 2007 [41]
measured a threshold of -35 kPa for melon and -58 kPa for pepper at 10 cm. In contrast, Smittle et al.,
1994 [44] reported a maximal yield for pepper grown in loamy sand soils when the soil matrix potential
was maintained higher than -25 kPa at 10 cm.
Based on these information it appears di�cult to draw a general model. It can only be said that most
sensors were placed at about 10 to 15 cm depth and that the best threshold is most likely in the range
between about -20 to -80 kPa. Di�erence between plant species exist but seem to remain in a relatively
similar range of soil matrix potential value. Most studies were also done on crops during the mid-season
growth stage, that is when the plants are fully developed, during yield formation. Little data are available
at earlier growth stage though triggered irrigation should be possible during the whole crop growth.

Based on the theory discussed above, we propose here a methodology to get a better understanding
of the water and plant dynamics in order to de�ne the most appropriate system to trigger irrigation.
The �rst consideration is that we want to design a system that can manage water during the whole
growing season. It is therefore essential to distinguish the early growth stage and the mid-season stage.
The processes of yield formation and the response to water stress are indeed very di�erent during both
phases.
One di�culty resides in determining which intensity of stress is harmful for the crop and results in lower
yields. At early growth stage, it is suggested in the FAO AquaCrop model [10] that low level of soil water
depletion already leads to reduced canopy expansion which leads to lower yields during the next stages.
The most reliable information concerning this growth stage are given by the FAO, using p, the average
fraction of TAW that can be depleted. It was however reported that exceeding this threshold had a less
severe impact on �nal yield during early growth stage, than during yield and fruit formation. A mild
stress during the crop development phase can even promote �owering [15]. During the mid-season, water
stress is more directly linked to stomatal closure and transpiration reduction, since full canopy cover has
already been reached. During this stage we can rely more easily on the literature cited above and also
on the p values suggested by the FAO.
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3|Materials and Methods
Two di�erent approaches are presented in this study. The �rst part presents the experimental set-up

that was installed in Burkina Faso, while a second part details the theoretical model that was implemented
using HYDRUS 2D.
The experiments took place from October 2014 to March 2015 in a rural area very close to Ouagadougou
(12◦20′24”N, 1◦27′8”O). The crops were lent by iDE, an NGO working on the development of drip kit
irrigation systems. iDE is one of the local partners collaborating on the project. Some of the locations
where the system is tested are equipped with drip kits provided by iDE.
Two di�erent crops were grown. A cabbage crop was grown on a 50 m2 drip kit from October 29, 2014
to February 5, 2015. A second experiment took place from December 5, 2014 to March 25, 2015 on
a drip-kit of 200 m2 cultivated with eggplants. Both crops were prepared following the same practice.
Before transplanting the crops were ploughed manually to a depth of about 10 cm. 1 kg / m2 of an NPK
soil amendment and 0.25 kg / 50 m2 of urea were then applied.

3.1 Experimental set-up

3.1.1 Cabbage experiment

The cabbage species transplanted was KK Cross, a commonly used variety in Burkina Faso, that
has a good tolerance to heat stress.
The drip irrigation system consisted of 12 sub-lines and each was connected to the main line with a valve.
The main line was supplied by a 200 L water reservoir. The drip systems from iDE are equipped with
micro-tubes and the water reservoir is usually placed at a height of about one meter, which allows su�-
cient pressure in the system with a micro-tube discharge rate of about 2 to 3 liters/hour. The sub-lines
had a spacing of 40 cm and a micro-tube was placed every 40 cm. One cabbage seedling was transplanted
in front of each micro-tube. The total surface covered by the system was about 50 m2, the main line was
5 meters long and the sub-lines 10 meters long. A total of 180 cabbages were transplanted.
The system was divided into two equal parts and two di�erent irrigation schedules were tested indepen-
dently. The soil matrix potential was monitored continuously using Watermark 200SS sensors connected
to the wireless sensor network as described in chapter 1.3. Figure 3.1 illustrates the system. Three sensors
measured the soil matrix potential at 10 cm depth. Two sensors were placed in front of the dripper, 5 cm
away perpendicular to the line. The third sensor was placed 20 cm away form the line. A fourth sensor
was added to monitor the potential at 5 cm depth and 5 cm laterally. The same set-up was replicated
for both experiments.

Two di�erent experiments were performed (table 3.1). The treatment 1 (optimal, low depth) provided
an irrigation amount of 100% of the calculated ETc, with a typical irrigation depth and frequency. The
typical irrigation depth applied in Burkina Faso is usually much lower than the RAW (readily available
water), mainly due to small water reservoirs, so that the frequency of irrigation events is rather high.
For treatment 2, a certain water stress was applied to the crop by only irrigating about two third of the
plant water needs (66% ETc) with an irrigation depth equivalent to the RAW. The irrigation depth was
increased with plant growth due to the roots development which increases the soil volume were water can
be taken up.

During the whole study, we will refer to the irrigation amounts brought to the crop in terms of liters
and not in terms of liter/m2 or millimeters. Indeed, with drip irrigation systems, only a fraction of the
crop is irrigated and this surface is di�cult to determine a priori, so that dividing the irrigation amount
by any surface may be confusing and not correct. This was also more convenient to describe that irriga-
tion amount in HYDRUS in terms of liters per dripper (or per plant). As a consequence, we preferred
to express the irrigation depth as a water volume that is applied on a drip kit system consisting of 90
drippers. As a result, the irrigation depth for treatment 1 consisted in applying an irrigation depth of
100 liters for 90 drippers, that is 1.1 liters per dripper. The irrigated area was estimated to be about 12
m2 so that 100 liters corresponded to an irrigation depth of about 8.3 [L/m2] or [mm]. For 200 liters, it
corresponded to an irrigation depth of about 16.5 mm.
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Treatment 1 (100% ETc) Treatment 2 (66% ETc)

Days after transplanting Frequency [1/day] Depth [L] Frequency [1/day] Depth [L]

0 - 20 1/1.5 70 1/2.5 70

21 - 40 1/1.5 100 1/2.5 100

51 - 90 1 100 1/3 200

Table 3.1: Irrigation schedule for the experiments on cabbage

T1: Optimal, low depth T2: Stress, high depth 

200 L 

Figure 3.1: Set-up of the cabbage experiment. The crop was divided into two subplots with di�erent irrigation
schedules (T1 and T2) which are described in table 3.1. Red triangles represent Watermark sensors at 10 cm
depth, yellow triangles are sensors at 5 cm.

3.1.2 Eggplant experiment

The species of eggplant selected was Kalenda. It is a common species used in Burkina Faso, with
a good tolerance to heat stress and a reported resistance to di�erent diseases (Ralstonia solanacearum,
Colletotricum lagenarium, Tobacco mosaic virus)[45].
This drip system covered an area of 200 m2 and consisted of a reservoir of 1 m3 connected to a central
main line, 10 meters long. 10 sub-lines were connected on each side of the main line and measured 12
meters with a spacing of 1 meter. The distance between micro-tubes was 50 cm and an eggplant seedling
was placed in front of each micro-tube. The water discharge was 2 liters/hour per micro-tube.
The plot was divided into four di�erent irrigation treatments of each 50 m2 with each 90 eggplants. For
each subplot the soil matrix potential was measured on 2 plants, at 5, 10 and 15 cm depth. In one case,
the sensors were placed near the plant at an horizontal distance of 5 cm for all sensors, while on the
second plant the distance was 12 cm. The set-up is illustrated in �gure 3.2. Due to limitations in the
number of available sensors, only the near sensors were placed on experiment 1 and the sensors at 10 cm
depth were left away for experiment 3.
Additionally, two soil moisture sensors, one 5TE and one 5TM from Decagon, were also placed in front of
a Watermark sensor to compare both measurements and to draw the relationship between soil moisture
and soil matrix potential. The 5TE sensor could also measure the soil electrical conductivity, an indica-
tion of salinity stress. The sensors were displaced many times during the experiment to compare the data.

The crop was divided into four di�erent experiments (table 3.2). The treatment 1 followed the tra-
ditional irrigation schedule used by iDE technicians, which consisted in a frequent irrigation with a low
irrigation depth (100 liters) during the whole growing season. From our calculations this irrigation sched-
ule corresponded to about 200% of ETc at early growth stage and about 150% during the mid-season.
The reason for this overestimation may be due to the fact that iDE agronomists considered that the
whole drip kit surface is irrigated, whereas we estimated that only about 25% of it is actually wetted,
due to wide spacing between sub-lines.
The second experiment used the same low irrigation depth but at a reduced frequency, leading to a certain
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water stress (about 66% ETc).
The third experiment provided 100% of the estimated ETc but with a higher irrigation depth correspond-
ing to the calculated RAW (400 liters).
The fourth and last experiment also used an irrigation depth that was equal to the RAW, but at a lower
frequency than the third experiment, inducing water stress (about 66% ETc).

The irrigation depth of 100 liters corresponded to about 8.3 mm, 200 liters to about 16.6 mm and
400 liters to about 33.2 mm.

Treatment 1
(optimal - low irr. depth)

Treatment 2
(stress - low irr. depth)

Days after transplanting Frequency [1/day] Depth [L] Frequency [1/day] Depth [L]

0 - 20 2 100 1/1 50

26 - 60 2 100 1/1.5 100

61 - 100 2 100 1/1.25 100

101 - 120 2 100 1/2 100

Treatment 3
(optimal - high irr. depth)

Treatment 4
(stress - high irr. depth)

Days after transplanting Frequency [1/day] Depth [L] Frequency [1/day] Depth [L]

0 - 20 1/1 100 1/2 100

21 - 60 1/2 200 1/3 200

61 - 100 1/3 400 1/4 400

101 - 120 1/4 400 1/5 400

Table 3.2: Irrigation schedule for the experiments on eggplants

T2: Stress, low depth T1: Optimal, low depth 

T4: Stress, high depth T3: Optimal, high depth 

1 m3 

Figure 3.2: Set-up of the eggplant experiment divided in four irrigation treatments described in table 3.2.
Triangles represent Watermark sensors placed near the plant (5 cm), circles are far sensors (12 cm away). Orange
corresponds to 5 cm depth, red 10 cm depth and pink 15 cm depth.
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3.1.3 Measurement of plant growth

Plant growth was monitored weekly during the whole growth.

Cabbage

The following measurements were performed:

• The diameter of the stem, 2 cm above ground;

• The mean diameter of the canopy cover of each cabbage;

• The diameter of the cabbage head (starting at the mid-season).

For each experiment, measurements were collected on a sample of 15 cabbage selected randomly among
a total amount of 90.

Eggplant

The following measurements were performed:

• The diameter of the stem, about 2 cm above ground was measured;

• The mean diameter of the canopy cover of each eggplant;

• The plant height;

• The total number of leaves;

• The number of �owers.

For each experiment, measurements were collected on a sample of 10 eggplants selected randomly among
a total amount of 90.

3.1.4 Root growth

Since the crops were small and soil preparation was done homogeneously, it is assumed that the me-
chanical impedance is relatively similar for each experiment, so that the main factor inducing a di�erent
root distribution is the water availability. It should however be noted that the soil was very hard, with
a high density and a relatively rocky layer was found about 25 cm below ground. As a consequence, the
root analysis may only be applicable for this speci�c location and does not represent the general case.
Measuring the 3-dimensional root length density is not easy in the �eld. One practice consists in col-
lecting samples of soil cores in the root zone at di�erent locations, to separate and wash the roots from
the soil and to determine the total length of roots for each samples. By repeating this sampling at many
locations and by extrapolating between each samples, a general pro�le of the root distribution can be ob-
tained. However, due to the restricted instruments available and the compact soil texture a more simple
procedure was selected to extract and analyze the root distribution. The ground around the plant was
excavated and a large volume of soil containing the majority of roots was extracted. It was particularly
di�cult to dig deeper than about 25 cm in the soil due to the rocks, but it appeared that few roots reached
deeper. The earth and rocks were then gradually washed away. Many smaller roots were lost during the
process but the main structure remained. Sampling were done at each growth stage for the eggplant and
only during the mid- and late growing period for the cabbage. Since the crops were relatively small, only
one plant was extracted for each experiment which was assumed to be representative of the average state
of the experiment.

The root distribution was assessed by image processing. A picture of the root distribution was taken,
processed into a black and white image and the density with depth was measured by summing up, for
each layer, the number of black pixels representing roots. The total biomass was also assessed by counting
the surface of the image that was occupied by roots by counting all root pixels of the image.

3.1.5 Sap �ow measurements

The sap �ow within the plant stem is directly linked to plant transpiration. Heat pulse sap �ow sen-
sors have been successfully used to measure diurnal sap �ow patterns and its correlation with stomatal
closure and transpiration has been reported [14]. In order to monitor the rate of transpiration and to
track potential transpiration reduction and water stress, sap �ow meters were installed on some plants
during the experiments. Concerning the cabbage experiment, four sap �ow meters were placed on each ex-
periments, on plants where Watermark sensors were also installed. Concerning the eggplant experiment,
two sap �ow meters were installed on the two eggplants for each experiments, again combined with Wa-
termark sensors. The sap �ow sensors were placed about 4 cm above ground, below the �rst branch or leaf.
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We used eight sap �ow sensors from the East 30 Sensors enterprise. The sensors consisted of a three
stainless-steel needles spaced 6 mm apart, with the central needles containing a heater and the two outer
ones equipped with thermistors sensors at three locations evenly spaced. Due to the small diameter
only the middle thermistor was used. The sap �ow meters were connected to a CR1000 datalogger from
Campbell Scienti�c which was supplied by an external 12V battery connected to three small 10W 12V
solar panels. Automatic measurements were collected every 30 minutes.
The sensors could only be installed at the beginning of the mid-season, since a minimum stem diameter
was required in order to install the instrument in the stem. One challenge using sap �ow meters was that
those instruments were primarily used on trees and that because of the very thin stem diameter (about
10 mm), it was di�cult to place the sensor precisely in the very thin xylem compartment. There was
also more risk of noise in the signal due to the in�uence of external environmental factors.

Sap �ow meters measure the diurnal velocity of sap �ow in the xylem of the plant, which is directly
linked to transpiration. For this reason, sap �ow measurements are in�uenced by the meteorological
parameters which in�uence the evapotranspiration rate, mainly relative humidity, wind speed, temper-
ature and solar radiation as described in eq. (2.8). The sap �ow velocity in [m/s] was calculated by
using the standard procedure suggested by East 30 sensors [46] and was automatically implemented in
the datalogger code. The sap �ow velocity can be linked to plant transpiration rate in [liters/day] using
the sectional area of the xylem, multiplied by the sap �ow velocity [46]. The xylem radius was measured
directly on a stem section at sap �ow height, from plants that were extracted for root analysis. The
area of the xylem was calculated by subtracting the pith area from the xylem and pith area. Finally
the transpiration rate in [liter/day/plant] was divided by the plant leaf area in order to compare it with
calculated transpiration rate [liters/m2/day] or [mm/day] from the meteorological station.
The signal from some sensors was not properly calibrated so that the minimum �ow rate was much
higher than others. All signals were smoothed by calculating the mean values on a mobile window of ±
30 minutes and were standardized by subtracting the minimum signal value on a time window of ± 2
days from the daily signal, so that all signals had a minimum near zero during the night.

In order to measure water stress via transpiration reduction, we extracted the daytime daily mean sap
�ow rate. Indeed, it was considered that transpiration reduction mainly occurred during the day and that
comparing daytime mean was more signi�cant. Daytime mean values for the calculated transpiration and
the corresponding soil matrix potential were also calculated. Water stress could be assessed by comparing
the day to day daytime mean reduction if correlated with soil matrix potential and not transpiration or by
comparing the di�erence in signals between a plant subjected to low soil matrix potential and a reference
plant.

3.1.6 Evapotranspiration estimation

Precise evapotranspiration estimation were needed to determine the irrigation schedules and to link
it to the root water uptake, transpiration and soil matrix potential. It was also essential to have a good
time resolution to calibrate the numerical model built with HYDRUS with the �eld measurements.

Meteorological data

The meteorological data necessary for the evapotranspiration calculation were acquired by a Sen-
sorscope meteorological station. The station was not located directly on the site of experimentation, but
in the center of Ouagadougou, about 8.4 km away from the experimental site. Those data were however
the closest available to the site.
The meteorological station is equipped with diverse measurement devices from Sensorscope [47]. It
includes wind speed and direction (Davis Anemometer), precipitation amount (Davis Rain Collector),
air, surface and soil temperature (Sensorscope IRT, 5TE), relative humidity, wet and dry temperature
(Decagon VP3) and radiation (Davis Solar Radiation). Data have a time resolution of 1 minute and are
available from May 2013 until now, some gaps exist in the data due to maintenance or failure. Data were
continuous during the period of this study.

It was however observed that wind speed measurements were much below the averaged values from
other sources such as monthly values from the FAO Climwat 2.0 database [48] or hourly averages from
the national meteorological institute. A second anemometer was installed in March 2015 directly in the
middle of the eggplant crop at 2 meters height. Comparison of simultaneous measurements of wind speed
on both sites has shown that wind speed were strongly correlated (R=0.785), but the wind speed mag-
nitude was constantly lower in the center of Ouagadougou. The measurements of wind speed from the
sensor in Ouagadougou were therefore adjusted by increasing the measured values by a certain correction
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factor, in order to �t better with our experimental site. A correction factor was calculated by minimizing
the root mean square error between both datasets and a value of 1.96 was found most adequate. The
whole dataset of previous wind measurements in Ouagadougou was therefore increased by a factor of 1.96
for all calculations. Examples of recorded data and wind correction are shown in appendix A.2.

Evapotranspiration

Crop evapotranspiration was based on the procedure detailed in chapter 2.4.3. The calculated ET0
was compared with other data and was proven to be consistent (�gure 3.3). In particular, it was com-
pared with monthly average over 15 years for Ouagadougou available from the FAO Climwat 2.0 database.
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Figure 3.3: Calculated ET0 for whole growth of the eggplant experiment.

The crop parameters used for the calculation of evapotranspiration for the eggplant and the cabbage
experiments are summarized in table 3.4. Those data mainly come from the large database available from
the FAO, 1998 [11] and were adapted with the consultation of local experts. In particular the duration
of the stages and the maximal root depth (zr) were adjusted.

Duration [days] Kc [-] Kcb [-] p [-] zr [m]

Stage 1: Initial 20 0.6 0.15 0.35 0.05-0.1

Stage 2: Development 40 � � � �

Stage 3: Mid-season 40 1.05 1 0.45 �

Stage 4: Late season 20 0.9 0.8 0.55 0.2-0.4

Table 3.3: Growth parameters used for the eggplant experiment (adapted from FAO, 1998 [11]).

Duration [days] Kc [-] Kcb [-] p [-] zr [m]

Stage 1: Initial 20 0.7 0.15 0.4 0.05-0.1

Stage 2: Development 30 � � � �

Stage 3: Mid-season 30 1.05 0.95 0.4 �

Stage 4: Late season 10 0.95 0.85 0.4 0.2-0.4

Table 3.4: Growth parameters used for the cabbage experiment (adapted from FAO, 1998 [11]).
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Limitations

As stated before, the meteorological station was not located directly on the experimental site. Even
though wind speed was corrected, other local variations are possible. Especially variations in relative
humidity could cause some errors in the estimation of ET0 and �uctuations in wind speed are still
possible. Secondly, it has been shown that hot dry winds have a strong impact on Kc in Burkina Faso,
especially during the dry fresh season [7]. This e�ect has been partially corrected by adapting the Kcb

and Kc values for wind and humidity (see eq. 2.22). The crops at the experimental site are however
small (50 m2 and 200 m2) which may lead to an "island e�ect", where the plants are more exposed to
hot advective winds, leading to a higher rate of evapotranspiration. This also may lead to edge e�ects
and may cause inhomogeneity within the plot, as the plants near the edges are exposed to drier winds.

3.1.7 Watermark 200SS speci�cations

The watermark sensor is a standard instrument that measures soil matrix potential based on the
soil electrical resistance. It consists of electrodes embedded in a granular material that is in equilibrium
with the pore soil water. It is a robust instrument that is relatively cheap, requires practically no
maintenance if used correctly and calibration is easy by submerging the sensor before usage. It has
a range of measurement from 0 to -200 kPa. Because of its high range of measurement the sensor is
less accurate and sensitive than other more speci�c tensiometers, specially for high values of soil matrix
potential from 0 to -20 kPa [49].

3.2 HYDRUS 2D simulation

HYDRUS 2D is a dedicated software that simulates water, heat and solute movements in 2 dimensional
unsaturated soils. Among others, it allows to simulate soil evaporation, transpiration and root water
uptake, as well as water stress. HYDRUS focuses only on water transports and does not include a crop
growth module. Calculations relative to potential evapotranspiration, transpiration and evaporation,
root and plant growth were done separately and then inserted in HYDRUS as input data.
HYDRUS 2D was used to accurately simulate the soil water dynamics and the water-soil-plant-atmosphere
relationship. To build a realistic model di�erent parameters had to be carefully calibrated. The main
input parameters of the model are the followings:

1. Calibration of the soil texture using the equation of van Genuchten (eq. 2.15);

2. De�ning the water stress reduction function and its parameters (eq. 2.20);

3. Rate of transpiration, evaporation and precipitation;

4. Determining the spatial root water uptake and its magnitude;

5. Irrigation duration and frequency must also be given, optionally a threshold can be used to trigger
irrigation given a value of soil matrix potential and at certain depth (speci�c grid Node);

6. The geometry and the duration of the simulation must be de�ned.

3.2.1 Calibration of soil texture

Data collection

A sampling of the soil was performed in November 2012 (table 3.5). The soil texture corresponded
to a sandy loam or a sandy clay loam texture. The soil was very compact and root penetration was limited.

Soil depth % Sand % Silt % Clay Comments

0 - 20 cm 54.9 25.49 19.61 relatively compact, very poor organic matter

20 -40 cm 47.06 31.37 21.57 very hard and compact, very rocky

Table 3.5: Sampling of the soil texture made in November 2012 at the research site.

In addition to this sampling, the soil matrix potential and soil moisture at a depth of 10 cm were
recorded simultaneously during November 2014 to February 2015 for the cabbage experiment and between
February and March for the eggplant crop.
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Parametrization

In order to �t a soil model to the data, a soil water retention curve (SWRC) was drawn with the �eld
data. The SWRC provides the relationship between the soil matrix potential and soil moisture given a
soil texture and can be characterized by eq. (2.15) discussed in chapter 2.5.2. The unknown calibration
parameters were θr, n and α. θs was measured by saturating the soil and was found to be around 0.32.
The best combination of those 3 parameters was calculated by the minimizing the Root Mean Square
Error (RMSE) between the measured and modeled water contents which corresponded to di�erent values
of soil matrix potential (eq. 3.1). Appendix A.3 shows the analysis of the parameters. Figure 3.4 shows
the SWRC and the corresponding �tting.

RMSE =

√∑N
i=1(θ̂(hi) − θ(hi))2

N
(3.1)

Where: θ̂(hi) is the predicted water content estimated by the model for a soil matrix potential value
hi; θ(hi) is the measured water content corresponding to a soil matrix potential value hi and N is the
number of observations.

Two additional parameters were needed to calculate the readily available water (RAW): the water content
at �eld capacity (θfc) and the water content at permanent wilting point (θpwp). They were determined
using the calculated regression curve.
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Figure 3.4: Comparison and �tting of the soil water retention curve for both crops.

To con�rm this calibration, these values were compared with data from the literature. It appears that
this calibration is similar to the one used to characterize a Sandy Clay Loam texture in RETC, which
also corresponds to the soil sampling (table 3.5). Additionally, a similar parameterization was done by
Mermoud et al., 2005 [50] in an experimental �eld about 17 km from our site and found relatively similar
results.
The saturated hydraulic conductivity (Ks) was calibrated with our HYDRUS 2D simulation. A value of
15 cm/day was selected for the cabbage crop and 10 cm/day for the eggplant crop which is lower than
the value used in RETC for such soil texture (30 cm/day) [29], since our soil is compact, but higher than
the value used by Mermoud et al., 2005 [50] corresponding to 10.3 cm/day (0-30cm) and 6.48 cm/day
(30-60cm).
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The parameters used for the model are summarized in table 3.6.

θr θpwp θfc θs α n Ks

[cm3cm−3] [cm3cm−3] [cm3cm−3] [cm3cm−3] [cm−1] [-] [cm/day]

Cabbage exp. 0.111 0.1169 0.1927 0.32 0.0463 1.5477 15

Eggplant exp. 0.102 0.1054 0.1612 0.315 0.0558 1.6328 10

Table 3.6: Calibrated soil model parameters for the cabbage (�rst row) and the eggplant (second row) experi-
ments.

3.2.2 Geometry and Boundary Conditions

Our simulation domain consisted of a simple 2D vertical rectangular domain. It had a length of 1200
mm and a depth of 400 mm. The discretization of the domain consisted in a grid spacing of 2 to 20 mm
for the z-coordinate (�ner �nite elements at the top) and 25 mm in the x-coordinate.

The simulation domain is illustrated in �gure 3.5. The top boundary conditions consisted in an Atmo-
spheric Boundary condition where the evaporation rate is applied. Every 0.5 meters, the top boundary
conditions was de�ned as Variable Flux 1 to model the location of a dripper. The dripper �ux was applied
on a boundary length of 75 mm (3 nodes), which reduced the �ux discharge rate on the boundary. The
bottom boundary conditions were set to Free Drainage. This type of boundary condition was specially
developed for freely draining unsaturated soil. A time step of 15 minutes was used for all input parame-
ters. The time step used in HYDRUS for the simulations is 8 seconds but can be adapted by the model
to face instability problems or to accelerate the calculation.

Figure 3.5: Illustration of the simulation domain in HYDRUS 2D. Arrows illustrate the di�erent �uxes: Green
- Atmospheric boundary conditions; Purple - Variable Flux 1 (for irrigation); Blue - Free drainage

Irrigation modeling

The characteristics of the irrigation (length and discharge rate) need to be implemented as an input of
the time variable boundary conditions, under the "Variable Flux 1". Our drip system had the following
characteristics for the cabbage experiment:

• Micro-tubes spacing: 0.4 [m] for the cabbage crop; 0.5 [m] for the eggplant crop

• Micro-tubes discharge rate: 2 [L/h]

• Number of micro-tube per treatment: 90 [-]

• Overall e�ciency of water delivery: 0.9 [-]

• Width of wetted bulb: 0.3 to 0.4 [m]

• Length of Variable Flux 1 boundary for each dripper in HYDRUS: 75 [mm]

The micro-tube discharge rate represented a �ux of 1600 mm/day which is much higher than the
saturated hydraulic conductivity of our soil (150 mm/day), as a consequence a small water puddle formed
on the soil surface in the �eld but this could not be modeled in HYDRUS 2D with Variable Flux. The
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�ux was therefore forced into the model which caused some stability problems in some cases. A solution
was found by allowing postive pressure head at the soil surface which acts similarly to a water puddle on
the surface. Moreover, the top 2 cm of soils were set with a higher hydraulic conductivity (300mm/day).
We think that this is a correct assumption, as the soil was less dense near the surface and comparisons
with measurements showed that the wetted diameter was correctly simulated.
One di�culty is that HYDRUS 2D assumes a homogeneous third dimension, meaning that the irrigation
amount of a dripper is virtually applied on a length of one meter. In the case of drip irrigation where
the soil in partially wetted, the volume of water is not applied along a whole meter, but only in a limited
circular perimeter. For instance, we estimated the wetted diameter to about 0.3 to 0.4 meters depending
on the irrigation depth. The width of the wetted bulb had a direct impact on the irrigation depth and
was adapted carefully. Most of our simulations were done along a drip line, since interaction between the
wetted bulbs may only occur in that direction.

3.2.3 Water uptake model

Among the di�erent formulas used to describe water stress, the S-Shaped Model based on eq. (2.20)
was selected . This model was the only one that modeled the reduction of water uptake similarly to the
�eld measurements. In particular the Feddes model uses a linear water stress function, which could not
be observed in our experiments. For the cabbage experiment we used a value of -80 kPa for the parameter
h50 as suggested in HYDRUS [27] and which gave satisfying results in other simulations ([40],[51]) and a
value of 5 for the calibration parameter p (instead of 3, as indicated in HYDRUS). For the eggplant crop
the value of h50 selected was -50 kPa and a p value of 3.

Root water uptake compensation also needed to be de�ned. In HYDRUS, root water uptake can be
compensated by increasing the water uptake in other parts of the root zone, which avoids transpiration
reduction. A dimensionless water stress index ωc is used so that the transpiration can be compensated
until it falls below a fraction of the maximal transpiration. It has a value between 1 (no compensation)
and 0 (full compensation). There is only few studies available on root water compensation and no clear
values have been cited. It appears that root compensation reduces the importance of the spatial root
distribution on plant transpiration [32] and that high compensation (ωc < 0.5) improves the simulation
of water uptake from deep layers [52]. A value of 0.7 was �nally selected for our simulation, allowing a
mild compensation and relatively quick transpiration reduction.

The spatial distribution of root water uptake was a critical factor for the simulation. If the spatial
root distribution exceeded the wetted zone from the dripper, a strong water stress would be induced in
those zones, reducing transpiration. This phenomena could be partially compensated by the compensa-
tion function and the water stress index ωc. It is however likely that little roots developed in those zones
that remained very dry, so that the root distribution should match the wetted bulb. In our simulations,
we rely on the root distribution measurements done in the �eld and we adapted this distribution if the
modeled wetted bulb didn't match our observations of the root distribution.

28



4|Results of �eld experiments

4.1 Cabbage

4.1.1 Evolution of soil matrix potential

The cabbage seedlings were transplanted on October 29, 2014. The irrigation schedule detailed in
table 3.1 could not be followed from the start. Instead, the same schedule was followed for both exper-
iments until November 23, consisting of a daily irrigation of 100 liters, which corresponded to 100% of
ETc. After this date, that is at the end of the initial growth stage, the schedule from table 3.1 was used.
The actual irrigation schedule followed is summarized in table 4.1.

Treatment 1 (100% ETc) Treatment 2 (66% ETc)

Frequency [1/day] Depth [L] Frequency [1/day] Depth [L]

October 29 - November 22 1 100 1 100

November 23 - December 9 1/1.5 100 1/2.5 100

December 9 - February 5 1 100 1/3 200

Table 4.1: Actual irrigation schedule applied to the experiments on cabbage.

The evolution of the soil matrix potential is shown in the next page (�gure 4.1) together with the
calculated evapotranspiration �uxes and the Kernel density estimation of the soil matrix potential. The
Kernel density estimates the probability density function of the soil matrix potential over time, that is
the probability that the soil matrix potential takes a certain value. It is related to a smoothed histogram
with its area normalized to 1. In order to calculate the probability density functions on a stable data
set, the densities were estimated for each growth stage, which corresponded to the di�erent irrigation
schedules cited in table 4.1. Those probabilities must be considered with caution since the datasets were
probably not long enough to consider an ergodic process.

From November 23 to December 9, it seems that the irrigation depth was not su�cient which led to
a decrease in the soil matrix potential, which was accentuated by the increasing transpiration rate. Dur-
ing the mid-season stage, about after December 20, the behavior of the soil matrix potential was relatively
steady for both experiments. For treatment 1, the soil matrix potential remained high (above -50 kPa)
in the upper 5 cm of soils while it stabilized around -100 kPa deeper. Concerning treatment 2, the higher
irrigation depth recharged the soil deeper illustrating the relatively similar soil matrix potential behavior
at both 5 and 10 cm depth. The mean soil matrix potential values are represented in table 4.2.

Soil matrix potential at 5 cm Soil matrix potential at 10 cm

Mean [kPa] Standard deviation [kPa] Mean [kPa] Standard deviation [kPa]

Treatment 1 -39.5 37.8 -62.4 38.9

Treatment 2 -41.2 47.4 -54.9 51.8

Table 4.2: Mean soil matrix potential over time, starting on November 23 (stage 2 and 3).

It appears that the mean soil matrix potential at 5 cm depth is relatively similar for both experiments
and at 10 cm depth the potential is higher for treatment 2 than 1. The standard deviations are however
higher for experiment 2, suggesting that lower values are reached. For treatment 1, the density plot below
(�gure 4.1) shows clearly that at 5 cm depth soil matrix potential was kept mostly above -50 kPa, which
may have compensated the lower potential at 10 cm depth, whereas in treatment 2, it happened that
both potential were below -100 kPa at the same time.

29



CHAPTER 4. RESULTS OF FIELD EXPERIMENTS T. Müller

Cabbage experiment
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Figure 4.1: Comparison of evapotranspiration, soil matrix potential and corresponding Kernel density estimation
for the whole cabbage experiment.
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4.1.2 Plant growth

Due to some political instabilities in the country, the measurements of cabbage growth could only
start about 50 days after transplanting at the start of the mid-season period, which is characterized by
the beginning of the head formation.
Starting at the beginning of this stage, a pest gradually infested both cabbage experiments indiscrim-
inately. The aerial pest colonized the leaves which were then eaten by larvae. A chemical pesticide
(lambda− cyhalothrin2.5%EC) was vaporized on the plants which resulted in the death of the pest, but
recolonization of the same pest occurred about a week later. The pest caused considerable damage on both
crops, limiting or destroying the heads. Since the attack was not speci�c to one experiment, the compar-
ison of �nal harvests seems still possible, though the yield will be below the maximal yield for this species.

Figure 4.2 shows the evolution of the growth parameters measured.

●

●

●

●
●

●

●

●

●

●

●
●

●

●

20

25

30

35

déc. 22 déc. 29 janv. 05 janv. 12 janv. 19 janv. 26 févr. 02
Date

Le
af

 a
re

a 
di

am
et

er
 [c

m
]

Methods
●

●

Experiment 1
Experiment 2

●

●

●

●

●
● ●

●

●

●

●

● ● ●

9

11

13

15

17

déc. 22 déc. 29 janv. 05 janv. 12 janv. 19 janv. 26 févr. 02
Date

S
te

m
 d

ia
m

et
er

 [m
m

]

Methods
●

●

Experiment 1
Experiment 2

●

●

●

●

●

●

●

●
●

●

●
●

●

●

0.0

2.5

5.0

7.5

10.0

déc. 22 déc. 29 janv. 05 janv. 12 janv. 19 janv. 26 févr. 02
Date

H
ea

d 
di

am
et

er
 [c

m
]

Methods
●

●

Experiment 1
Experiment 2

Figure 4.2: Evolution of cabbage growth, starting at the end of the development stage. The error bar represents
one standard deviation.

The diameter of the leaf area appears to decrease with time. This is due to the fact that the local
producer in charge of the site weekly removed the outer leaves of the cabbages to promote the formation
of the heads. As a consequence, the leaf area does not appear as a good indicator of plant growth. It can
only be noted that experiment 1 obtained a larger canopy diameter at the end of the crop development
stage, indicating a certain water stress for experiment 2 during the previous stage. The same conclusion
can be made for the stem diameter.

The formation of the heads was faster for experiment 1 and the head volume was higher. There are
two possible explanations for this limited head growth. It may be due to the limited canopy expansion
during the crop development stage or it is directly linked to the low soil matrix potential values during
the head formation stage. It is not clear at that point which explanation is more likely.
At the end of the season, the cabbage heads were harvested. Table 4.3 shows the total harvests for both
experiments and the corresponding total irrigation water used. The results are valid for a surface of 25 m2

and corresponded to about 90 cabbage initially, though about a third did not produce marketable heads
due to the pest. We introduce a Water Use E�ciency index (WUE) which is simply the ratio of harvest
divided by the amount of water used. A higher ratio means a more e�cient irrigation management.
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Harvest [kg] Water consumption [m3] Water use e�ciency [kg m−3]

Treatment 1 67,8 10.92 6.21

Treatment 2 45,6 8.68 5.25

Table 4.3: Marketable harvests for the cabbage experiment.

Treatment 1 resulted in a higher yield, with bigger cabbage heads and the WUE was also higher for
the �rst treatment. It can be concluded that experiment 2, was subject to water stress during its growth
and resulted to lower yields. Moreover the water saved in treatment 2 did not compensate for the yield
losses, indicating that irrigation management should aim at maximizing yields rather than trying to save
water.

4.1.3 Sap �ow analysis

8 sap �ow meters were placed in the cabbage crop, four in each experiment, at the beginning of Jan-
uary, around 60 days after transplanting. The sap �ow sensors within a treatment were given the name
"a", "b", "c" or "d" to distinguish between them, but they were submitted to the same irrigation sched-
ule. For each day, we calculated the daytime mean sap �ow value and the corresponding daytime mean
for ETcb and the soil matrix potential. Daytime was considered from 8 a.m. to 18 p.m. The correlation
between daytime means was then calculated. We use daily means to avoid the diurnal �uctuations in ET
which would lead to a strong correlation with the sap �ow so that we can focus on the daily trends. We
compared only the daytime signals to avoid night �uctuations as well.

Due to the removal of external leaves about every 10 days, the interpretation of the sap �ow mea-
surements is di�cult. Indeed, the removal of the leaves resulted in a sharp drop in the sap �ow signal,
which was then recovered in the next days. The di�erent cabbages possessed a stem diameters at sap
�ow height of 18 to 27 mm. The pith had a radius of about 5 to 8 mm and the xylem a width of 2 to 5 mm.

Figure 4.3 shows the evolution of the signal for a speci�c period for treatment 2, which showed good
correlation (0.90) between the mean daily daytime sap �ow signal and the soil matrix potential. The
signal of the sap �ow was transformed in a transpiration rate as described in chapter 3.1.5. A decrease
in the signal can be observed after an irrigation event, especially when the potential falls below -50 kPa.
This daily behavior could however not be observed clearly for treatment 1, where the soil matrix potential
remained higher and more constant.
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Figure 4.3: Comparison between the soil matrix potential and the transformed sap �ow rate taken on cabbage
"b" in treatment 2, at the beginning of the mid-season. The corresponding calculated transpiration rate (ETcb) is
also shown. The blue curves represent the 30 minutes time average for the sap �ow signal and 15 minutes average
for the both other signals. The red curves represent the mean daytime daily averages.

Some additional graphs are shown in �gure 4.4 and also in appendix A.4, which show similar analysis,
but for the late period, just before harvesting when leaves were no longer removed, except for treatment
1a, where leaves were removed on January 31. A relationship can also be observed on a longer time scale
in all experiments and the corresponding correlations are shown in table 4.4. The correlations between
the daily mean values of the sap �ow velocity and the meteorological parameters were also tested but
weren't very signi�cant as they remained below 0.5.

Exp 1a Exp 1c Exp 2b Exp 2c

0.74 0.73 0.83 0.41

Table 4.4: Correlation between the mean daily daytime sap �ow and the corresponding mean daytime soil matrix
potential.

The reduction of sap �ow rate (and therefore transpiration) in �gure 4.4 is particularly visible in
treatments 1c and 2b where a strong reduction of the signal is observed below -100 kPa. The signal also
reacted to the small increase in soil matrix potential that occurred around February 10. For treatments
1a and 2c shown in �gure A.5 in appendix A.4, the signal reacted more slowly with a real decrease in sap
�ow signal when the potential was below -200 kPa.
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These results seem to indicate that water stress occurs below about -50 kPa and is more severe be-
low -100 kPa during the mid-season stage. This limit of water stress could explain the decrease in yield
observed in experiment 2, where the soil matrix potential dropped below -100 kPa every third day, before
an irrigation event is triggered. This value can however not be evaluated with more precision. From
this analysis it is also di�cult to conclude if the root distribution for treatment 2 adapted to the lower
irrigation frequency by increasing deeper root biomass in order to improve its resistance to soil moisture
depletion.
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Figure 4.4: Comparison between the soil matrix potential, the transformed sap �ow rate and the corresponding
transpiration rate (ETcb), for both treatments during the late season of the cabbage experiment. The blue sap
�ow curves represent the 30 minutes average, the blue Watermark curve the 15 minutes average and the red
curves are the daytime means. For transpiration, the red curve represents the 15 minutes average and the blue
curve the daytime average.

34



CHAPTER 4. RESULTS OF FIELD EXPERIMENTS T. Müller

4.1.4 Root growth

At transplantation the seedling roots had a length of about 6 to 8 cm and about 1 to 2 cm horizontal
radius. The �rst sampling of the root distribution could only occur during the mid-season due to political
instabilities and government transition in the country which prevented �eld work so that the analysis had
to be postponed. Around 60 days after transplanting, on December 27 the �rst root extraction could take
place and the image analysis and density pro�les are shown in �gure 4.5. At that stage, the roots were
already well developed. The roots reached a depth of about 20 to 25 cm. For treatment 1, a wide and
dense network of secondary roots was observed in the �rst 5 to 10 cm, with only fewer roots penetrating
deeper in the soil and a horizontal radial distance from the stem of about 20 to 30 cm. Concerning
treatment 2, some main roots reached deeper in the soil to a depth of about 30 cm and more secondary
roots could be observed below 10 cm. Nevertheless, most of the roots were contained in the upper 15
cm. The radial distance of the roots was similar to experiment 1. The main di�erence between both
analysis is that roots were more concentrated near the surface for treatment 1 which can be explained
by the lower irrigation depth applied more regularly that replenished the soil more super�cially. Indeed,
already at 10 cm, the measurement of the soil matrix potential remained steady around -100 kPa for a
long part of the mid-season, indicating that the irrigation front did not reach much deeper (�gure 4.1).
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Figure 4.5: Evolution of the root distribution of cabbage - day 60 after transplanting.

A second extraction of the roots took place 90 days after transplanting, on January 26. There were
relatively little di�erences in comparison with the previous analysis. As shown in �gure 4.6, the roots
developed a bit deeper for the experiment 1, with some roots reaching 25 cm. The root system was still
mainly contained in the �rst 10 to 15 cm, though a bit less dense than before. Experiment 2 did not
show much di�erence, except a few more deeper roots.
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Figure 4.6: Evolution of the root distribution of cabbage - day 90 after transplanting.

4.2 Eggplant

4.2.1 Evolution of soil matrix potential

The experiment started on December 5, 2014, when the eggplants seedlings were transplanted. Due to
political instabilities in the country, measurements and instruments could only be installed on December
14. The 7 �rst days the irrigation schedule was the same for all experiments consisting in irrigating
twice a day with a depth of 100 L per experiment. The next 10 days (until December 22) the frequency
was reduced to once a day. The proposed schedule detailed in table 3.2 was then followed. The actual
schedule is summarized in table 4.5.
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Treatment 1
(optimal - low depth)

Treatment 2
(stress - low depth)

Frequency [1/day] Depth [L] Frequency [1/day] Depth [L]

December 5 - December 12 2 100 2 100

December 13 - December 22 1 100 2 100

December 23 - February 3 2 100 1/1.5 100

February 4 - March 15 2 100 1/1.25 100

March 16 - March 25 2 100 1/2 100

Treatment 3
(optimal - high depth)

Treatment 4
(stress - high depth)

Frequency [1/day] Depth [L] Frequency [1/day] Depth [L]

December 5 - December 12 2 100 2 100

December 13 - December 22 1 200 2 100

December 23 - February 3 1/2 200 1/3 200

February 4 - March 15 1/3 400 1/4 400

March 16 - March 25 1/4 400 1/5 400

Table 4.5: Actual irrigation schedule applied for the experiments on eggplants.

The evolution of the soil matrix potential is shown in �gure (4.7). The behavior is not very regular
with time. This is due to di�erent factors. First the evapotranspiration rate varies from day to day.
Then the drip system does not assure a completely homogeneous water delivery, so that the irrigation
depth may vary to some level between each irrigation events. It may have happened that the micro-tubes
where not exactly in front of the eggplants stem, due to some manipulations on the sub-lines and the
micro-tubes may also have been clogged, though regular checks have been done.

Experiment 1 presents a quite �at and constant behavior, the soil was kept very wet as irrigation occurred
twice a day, so that the sensors remain close to 0 kPa. In particular the sensor at 15 cm depth was almost
always saturated, indicating that the soil was recharged in depth and that leakages probably occurred.
It should be reminded that the watermark sensors are not very reactive and precise in the 0 to -10 kPa
range so that small daily �uctuations may not have been recorded.

Concerning treatment 2, the sensors that were placed near the stem horizontally (5 cm) kept relatively
high soil matrix values. In contrast the far sensors placed at 12 cm from the stem laterally and at depths
of 10 and 15 cm, were completely disconnected from the wetted bulb, as their potential decreased quickly
below -200 kPa. Only two irrigation events recharged the soil to these depths, probably because the
micro-tube was displaced closer to their position. The behavior of the sensors indicate that the wetted
bulb had a narrow width and only reached a depth of 15 cm right below the stem. The root system
is therefore expected to have been limited to a smaller soil volume. Due to the low irrigation amounts
applied to this treatment and the restricted root system, a more rapid decrease in matrix potential was
expected, specially for the sensors at 5 cm, which was not observed, probably due to the lower sensor
sensitivity and precision above -20 kPa.

Treatment 3, received a higher irrigation depth but at lower frequency. As a result the potential decreased
more than in the previous experiments, but the soil was more recharged as the far sensor at 15 cm depth
usually reacted to the irrigation event, in contrast to treatment 2. When both sensors at 5 and 15 cm
reacted to the irrigation event, the decrease was more abrupt for the shallow sensor illustrating a stronger
water uptake at this depth. It appears also that the water uptake near the stem was stronger than far
from the stem as the matrix potential reached lower values for the near sensor than the far sensor at 5 cm.

Finally, treatment 4 has a relatively similar behavior to treatment 3, with a soil matrix potential reaching
lower values due to the lower irrigation frequency. It should be noted that for the experiment 4, near
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sensors, the plant had a very slow initial development and had a canopy and height about half of the
maximum at the beginning of the mid-season. Due to lower leaf area, transpiration was reduced which
led to lower root water uptake. As a result, the soil matrix potential decreased slower compared to the
other experiments.
In general the soil was recharged below 15 cm, though it can be noted that the far sensor at 15 cm did
not always reached 0 after an irrigation event, indicating that the wetted front probably did not reach
much deeper.
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Figure 4.7: Comparison of the soil matrix potential evolution at di�erent depths for the four treatments and
for both locations (sensors near the micro-tube (5 cm) and sensors far from the micro-tube (12 cm), during the
whole eggplant experiment.

Concerning water stress, the table 4.6, summarizes the mean soil potential for each growth stage and
for each experiments for the far sensors, except for treatment 1 which possessed only near sensors. The
drought period after March 15 was not taken into account.

Mean soil matrix potential
at 5 cm [kPa]

Mean soil matrix potential
at 15 cm [kPa]

Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3

Treatment 1 (near) -5.8 -6.1 -13.3 -0.5 -0.04 -20.7

Treatment 2 (far) -4.1 -24.1 -19.3 -5.2 -113.8 -185.4

Treatment 3 (far) -17.9 -46.4 -37.2 -2.1 -75.5 -64.0

Treatment 4 (far) -20.4 -36.9 -36.8 -0.64 -70.7 -88.3

Table 4.6: Mean soil matrix potential for each development stage. Stage 1 from December 5 to December 24;
Stage 2 from December 25 to February 3; Stage 3 from February 4 to March 15.
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Figure 4.8 shows the Kernel density distribution of the soil matrix potential with time for each growth
stage in the same way as discussed in chapter 4.1.1. The vertical dashed lines correspond to the mean
values of table 4.6. This �gure will be compared with the plant growth and sap �ow results in the next
chapters.
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Figure 4.8: Kernel probability density estimation of the soil matrix potential over time for the four treatments
and for each growth stage at di�erent depths. The dashed lines correspond to the mean value.
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4.2.2 Plant growth

Di�erent measures were taken during the whole growth period for the four eggplant experiments. The
results are shown in �gure 4.9. The four �rst measures are indicators of the biomass development of the
plants and were all correlated with each other. The last two graphs (number of �owers and cumulative
harvests), are more directly linked to the productivity of the experiments.
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Figure 4.9: Evolution of eggplant growth parameters for the four treatments. The error bar correspond to one
standard deviation.

Relatively rapidly after the beginning of the crop development stage, two groups can be dissociated,
as experiments 1 and 2 showed higher growth parameters than experiment 3 and 4. The separation
between those two groups occurred mainly during January which corresponded to the crop development
growth stage. If the leaf area diameters did not di�er greatly, the combined e�ect of the number of
leaves and plant height re�ects the lower leaf area index for both experiments 3 and 4. At the begging
of February, this separation is most visible. Experiment 3, then catches up gradually but not completely
with experiments 1 and 2, while experiment 4 remained lower. Treatment 1 and 2 had a good homo-
geneity in the plant development, with most plants having similar heights and leaf area index. More
di�erences were observed in treatment 3 and 4, where some plants presented little growth and some were
comparable with treatment 1 and 2. It can �nally be noted that experiment 2, which had growth param-
eters below treatment 1 at the start of January caught up with experiment 1 at the beginning of February.

Concerning productivity and harvests, a few comments must be addressed �rst. Starting about at the
beginning of the mid-season stage, at the beginning of the �owering, the crop was infected by a disease.
The symptoms were yellowing and withering of the leaves starting from the stem to the top, followed by
fruits decay and complete death of the plant occurred after about 10 to 15 days. The disease could not be
identi�ed precisely but it is strongly believe that the disease came from the roots. Extracted roots were
rotten and a few small (1 mm) worms were observed, which may have wounded the roots and opened the
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way to a parasite. A vascular disease may be the cause. The disease started only during fruit formation
and hit �rstly the treatment 1 followed by treatment 3 on a few di�erent locations in the crop. From
those locations the disease spread along the irrigation lines and infected the neighboring plants. The
disease was specially virulent in experiment 1, where about 50% of the plants died at the end of February
and only 20% were left in middle of March. Experiment 3 was also strongly a�ected with only 45% of the
plants left alive at end of the experiment. Treatment 2 and 4 were also a�ected randomly but the disease
did not spread and only about 10 plants died. It seems that the irrigation schedule was responsible for the
spread of the disease, in particular it is likely that experiment 1 and 3, where irrigation was the highest,
created wider wetted bulb in the soil, that connected to each other along the drip lines which allowed
the spread of the disease. In experiment 2 and 4, the wetted zones were probably more disconnected
which stopped the disease. Letting the soil dry during a few days did not reduce the disease strength as
experiment 3 was strongly a�ected, even though the irrigation frequency was once every three days.

Regardless of the disease, the number of �owers per plant was the highest for experiment 1, and many
plants grew 2 fruits at the same time. The production of treatment 2 was very homogeneous, but usually
only one fruit grew at a time. Treatment 3 was less homogeneous, with some very productive plants and
some that did not produce anything. Treatment 4 was similar to treatment 3, but less very productive
plants were observed.
The most productive experiment was experiment 2, with a harvest 2 times larger than the other exper-
iments. Since the disease infected strongly experiment 1 and 3, the productivity per living plants have
been calculated and is shown in �gure 4.10, since it corresponds more directly to the intensity of water
stress.
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Figure 4.10: Relative productivity of the di�erent treatments.

The production for all experiments was maximal at the beginning of March when most of the plants
produced fruits. It appears that experiment 1 was the most productive experiment, followed by experi-
ment 2 and 3 and experiment 4 was the less productive experiment. We can conclude that experiment 1
did not su�er any water stress and the productivity was near to maximal.
Treatment 2, which obtained a high biomass at the end of the growth stage, su�ered from water stress
during the �owering, which reduced its productivity. The soil matrix potential was kept above -50 kPa
in the upper 5 cm, but was very low deeper (see table 4.6). The restricted root system may also have
reduced the yield due to a limited water and nutrient reserve.
The plant growth was clearly limited during the crop development stage in experiment 3, which resulted
in smaller plants. Water stress seems to have limited the yields indirectly due to this reduced development
before �owering. Water stress during the �owering period in February seems to have been less signi�cant,
since some plants were still very productive in this experiment.
Finally, treatment 4 seems to have su�ered from a water stress both during the plant growth and during
mid-season, resulting in the lowest yields.

Table 4.7 summarizes the key results by comparing the yields with the quantity of water used.
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Harvest
Relative
productivity

Water
consumption

Water use
e�ciency

Relative
WUE

[kg] [kg/plant] [m3] [kg m−3] [g/liters/plant]

Treatment 1 10.5 0.375 22.5 0.47 1.50

Treatment 2 23.7 0.192 10.2 2.32 1.69

Treatment 3 10.3 0.222 14.2 0.72 1.41

Treatment 4 9.7 0.083 11.1 0.87 0.67

Table 4.7: Marketable harvests for the cabbage experiment.

A di�erent analysis can be made, whether the disease is considered or not. With the e�ect of the
disease, treatment 2 is by far the most productive experiment with a water use e�ciency (WUE) almost
3 times higher than the other experiments. It is also interesting to note that it was the treatment that
consumed the least water. Irrigating below 100% of ETc seems to be therefore a solution to the spread
of the disease. Another possibility to consider would be to use higher spacings between the micro-tubes,
isolating each wetted bulb.

If the disease problem can be avoided, and if we focus on individual productive plants, it appears that
treatment 2 has the highest relative WUE but less signi�cantly. A higher WUE seems possible since
treatment 2 did su�er from stress and productivity was higher in treatment 1. It appears that treatment
1 has a low WUE mainly because of over-irrigation and using an irrigation frequency between treatment
1 and 2 during the mid-season, would result to the highest yields with a lower water consumption. The
schedule of experiment 3 could also be used for the mid-season.

4.2.3 Sap �ow analysis

The sap �ow velocity in 8 eggplants, two ("a" and "b" to distinguish them) for each experiment, was
recorded during fruit formation, when the stem diameter was large enough to use the instruments. Based
on measurements of the eggplant stem section, the stem diameters at sap �ow height were about 9 to 12
mm, the pith had a radius of about 4 to 5 mm and the xylem a width of 1 to 2 mm.
During two weeks, the signal was measured continuously and then a drought period was initiated by
blocking the micro-tubes (the one in front of the eggplant and the two adjacent ones) on one plant
per experiment. The results are shown in the �gures 4.11, together with the corresponding soil matrix
potential evolution and transpiration rate during the mid-season stage.
As for the eggplant experiment, we calculated the daytime mean sap �ow value for each day and the
corresponding daytime mean for ETcb and the soil matrix potential. Overall, all signals from the sap �ow
had a similar amplitude which corresponded relatively well with the estimated transpiration �ux (ETcb).
Table 4.8 shows the correlation of the daily daytime sap �ow �uxes with the meteorological parameters.

Exp 1a Exp 2a Exp 3a Exp 4a Exp 1b Exp 2b Exp 3b Exp 4b

ETcb 0.66 0.42 0.33 0.80 0.54 -0.11 0.552 0.77

Temperature 0.39 0.32 0.23 0.62 0.38 -0.11 0.33 0.56

Radiation -0.73 -0.77 0.11 -0.45 -0.82 0.03 -0.32 -0.64

Wind speed 0.29 0.43 -0.22 0.21 0.58 0.24 0.24 0.36

Rel. humidity -0.65 -0.31 -0.41 -0.69 -0.35 0.28 -0.51 -0.64

Table 4.8: Correlation between the mean daily daytime sap �ow and the mean daily daytime meteorological
data.

It appears that correlations are in general relatively weak. The calculated transpiration is not strongly
correlated with all sap �ow signals, as we would have expected it. This could be due to water stress but it
appears that the correlation between the daily mean soil matrix potential and the sap �ow signals are also
not strongly correlated (table 4.9). Moreover the experiments that were subject to the same treatment
("a" and "b") did not have a strong correlations either (table 4.10). Experiment 2b seems particularly
not correlated with any other parameters.
The reason for this is not completely clear. It may be that the instrument precision was not very accurate
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due to the small stem diameters (9-12mm), which was twice smaller than for the cabbage experiment,
which gave better results. The noise was reduced for the calculation but relatively large daytime �uctu-
ations could be observed in the sap �ow signals. The time resolution of the measurements may also have
been too long (30 minutes). The instruments may have been in�uenced by the meteorological parameters
directly as well. Finally, there might be some uncertainties in the measurements of the meteorological
parameters and the calculation procedure for evapotranspiration may not be completely accurate for a
small time step. It seems therefore that comparing small daily sap �ow variations is not accurate in this
case.

Some conclusions can still be drawn. First, it seems that the value of soil matrix potential reached
in all experiments did not lead to a signi�cant reduction of the transpiration, since no correlation can be
observed. Only treatment 4 may have induced a certain water stress since the correlation between the soil
matrix potential and the sap �ow signals is above 0.7 for both experiments, even though the reduction
of transpiration was low.

After March, 7, a drought period was initiated in experiments 1 to 4 "a". A similar drought for the
"b" experiments started on March, 14. In that case, the reduction of sap �ow could clearly be identi�ed
but only below the maximal range of measurement of the sensors (-200 kPa). The drought had a specially
severe impact on treatment 2 after 5 days of drought, leading to a reduction of about 50% of the signal.
On treatment 3, no reduction could be observed for the "a" experiment, while a severe reduction was
observed for the "b" experiment. This situation seem to illustrate some heterogeneity in the crop, where
the plant in treatment 3a probably was able to develop a more extensive root system, allowing a longer
resistance to water stress. For treatments 1 and 4 a decrease of the sap �ow signal could also be observed
but with a lesser e�ect. In all cases, the plant did not completely recover from the drought due to leaf
senescence.

Exp 1a Exp 2a Exp 3a Exp 4a Exp 1b Exp 2b Exp 3b Exp 4b

0.22 0.55 -0.58 0.71 0.57 -0.09 0.45 0.74

Table 4.9: Correlation between the mean daily daytime sap �ow and corresponding mean daytime soil matrix
potential.

Exp1 a+b Exp2 a+b Exp3 a+b Exp4 a+b

0.72 0.26 0.41 0.14

Table 4.10: Correlation between the mean daily daytime sap �ow velocity of the two sensors placed on the same
experiment with the same irrigation schedule ("a" and "b" sensor).
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Figure 4.11: Comparison between the soil matrix potential, the transformed sap �ow rate and the corresponding
transpiration rate (ETcb), for the four treatments during the mid-season of the eggplant experiment. The blue
sap �ow curves represent the 30 minutes average, the blue Watermark curve the 15 minutes average and the red
curves are the daytime means. For transpiration, the red curve represents the 15 minutes average and the blue
curve the daytime average. The signal of one sap �ow per treatment is shown, except for treatment 3 due to
di�erent response to water stress.

The analysis of the sap �ow signals seems to show that low values of soil matrix potential up to -200
kPa did not result in a signi�cant reduction of transpiration. A mild water stress may have occurred
below -150 kPa in treatment 4, though it could not be clearly observed. Moreover, it seems that treatment
2 was specially a�ected by the drought, which may be due to a smaller root system due to the irrigation
schedule.

4.2.4 Root growth

The root analysis for the eggplant crop was done 30 days after transplanting, during the crop de-
velopment stage, 55 days after transplanting, almost at the end of biomass formation and 75 days after
transplanting during fruit formation.

30 days after transplanting

The �rst root extraction took place 30 days after transplanting, about at the end of the vegetative
period. Some di�erences between the treatments could already be observed, though the general pattern
was the same. Figure 4.12 shows the image analysis and the corresponding 1D distribution for the
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four treatments. For all treatments, maximal root depth was about 15 to 20 cm. The root systems of
treatment 3 and 4 (high depth) were not wide with a radius of only about 5 cm. Treatment 1 showed
more secondary roots in the upper 10 cm and overall a higher biomass.

Surface root area: 23.3 cm2

Edited black and white image

Relative frequency
0 0.05 0.1 0.15

D
ep

th
 [c

m
]

0

10

20

30

40

Histogram

(a) Experiment 1 (optimal-low depth)

Surface root area: 19.1 cm2

Edited black and white image

Relative frequency
0 0.05 0.1 0.15

D
ep

th
 [c

m
]

0

10

20

30

40

Histogram

(b) Experiment 2 (stress-low depth)

Surface root area: 29.4 cm2

Edited black and white image

Relative frequency
0 0.05 0.1 0.15

D
ep

th
 [c

m
]

0

10

20

30

40

Histogram

(c) Experiment 3 (optimal-high depth)
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Figure 4.12: Evolution of the root distribution of eggplants - day 30 after transplanting.

55 days after transplanting

After 55 days, some di�erences can be noticed between the experiments. The image analysis is shown
in �gure 4.13.

For treatment 1, an extensive root system developed both on the surface and deeper. The longest
roots reached about 25 to 30 cm depth, at a radial distance of about 30 cm from the stem. The upper 10
cm were occupied by a dense network of smaller roots, that reached about 20 cm from the stem. Since the
soil is always wet for this experiment, the root system was not limited by water stress and the main lim-
iting factor was probably soil resistance and the very dense and rocky soil layer at a depth of about 25 cm.

Concerning treatment 2, the root system was much less dense. It had many small roots in the up-
per 10 cm which extended horizontally to about 15 cm from the stem. Only a few main roots went
deeper than 15 cm and lacked secondary roots. Maximal depth was about 15 to 20 cm and radial width
about 15 cm. This behavior is understandable as only the upper part of the soil is replenished by the
small irrigation depth.

Treatment 3 presented a relatively similar root system as experiment 1. The longest roots reached a
depth of about 25 cm and with a radial distance of about 30 cm. A dense network of secondary roots
also extended in the upper 10 cm. It seems that this treatment was not specially a�ected by the lower
irrigation frequency, as the roots were essentially contained in the upper 10 to 15 cm.
The root system of treatment 4 was composed of many longer main roots with a less developed root
system near the surface. The longest roots reach 30 cm depth with a radial distance of 20 cm. The main
roots had many secondary roots below the top 5 cm. This distribution is explained by the lower water
availability at the top, since irrigation occurred only once every 3 days.

It is interesting to note that all root networks analyzed had their main roots extending practically along
one axis, along the drip line. Indeed, the water availability was higher between the drippers (50 cm
spacing), than between the rows (1 meter).
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(a) Experiment 1 (optimal-low depth)
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(b) Experiment 2 (stress-low depth)
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(c) Experiment 3 (optimal-high depth)
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(d) Experiment 4 (stress-high depth)

Figure 4.13: Evolution of the root distribution of eggplants - day 55 after transplanting.

75 days after transplanting

There were no notable changes in the root distribution after 75 days compared with the previous
analysis, the patterns are relatively similar, with somewhat deeper roots as illustrated in �gure 4.14.
Only experiment 4 showed less longer roots than the previous analysis, though it had still the deepest
root system.
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(a) Experiment 1 (optimal-low depth)
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(b) Experiment 2 (stress-low depth)
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Figure 4.14: Evolution of the root distribution of eggplants - day 75 after transplanting.

The root analysis seems to con�rm well the observations that were done earlier. In particular the
root system of treatment 2 is comparatively smaller. Still even in treatment 2, where very low values
of soil matrix potential where already observed at 10 and 15 cm, some roots did reach a depth of 20 to
30 cm. It seems therefore that the root system of the eggplants is able to develop even in zones with
low soil matrix potential, probably because those zones were initially wet. Those roots become probably
less active when the water depletion becomes too severe and is not replenished by the wetted bulb from
irrigation.
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4.2.5 Soil salinity and salinity stress

The soil electrical conductivity (EC) was monitored during the 75 �rst days of the eggplant exper-
iment on treatment 4, and in the other treatments punctually to assess potential salinity stress. The
electrical conductivity of the irrigation water was also measured. The irrigation water was pumped with
a motor pump from an arti�cial lake about 250 meters away from the site. The electrical conductivity of
the water was measured to be 0.35 dS/m which corresponds to a water with low salinity [53].

Concerning experiment 4, the soil pore EC was about 1.5 dS/m at the beginning of the growth and
rose to about 4.5 dS/m in the middle of February. According to the database from by Maas, 1993 [21],
eggplant is a sensitive crop with a salt tolerance of 1.1 dS/m. Passing this value, maximal yield starts to
decrease at a reported rate of 6.9% per dS/m. This represents a yield reduction of 23.5% for experiment 4.
It seems therefore that the lower productivity in treatment 4 may also be due to a certain salinity stress.
In comparison the soil pore EC for treatment 2 reached about 3.5 to 4 dS/m during the mid-season and
about 2.5 dS/m for treatment 1. Some studies suggest that drip irrigation usually avoid salinity stress by
accumulating the salts only at edge of wetted zone [54], but since no leaching occurred in our experiments,
the salt concentration did still increase as water was evaporated or taken up by roots.

In order to avoid salinity stress, it is recommended to over irrigate when the concentration becomes
too high, in order to �ush the salts with the leaching water [18]. Leaching occurred only in treatment
1 which explains the lower salt concentration. The di�erence in salt concentration between the other
experiments is less clear and it is di�cult to conclude if the irrigation frequency played a decisive role to
limit salinity stress. One interesting observation was done during the drought period that occurred on
March 7. As the soil matrix potential decreased below -200 kPa, the soil pore EC increased to a value up
to 14 dS/m, which induced a strong salinity stress. From this perspective, using low irrigation frequencies
may induce a stronger salinity stress.

4.2.6 Sensor precision

Simultaneous measurements of the soil matrix potential (Watermark) and the soil moisture (5TE and
5TM) were taken at adjacent locations (same depth and lateral distance) on the same plant. The aim
was to compare both instruments to verify their accuracy. In order to easily compare the measurements,
the soil moisture measurements from the 5TE were transformed to soil matrix potential values using the
equation from van Genuchten (eq. 2.15). A comparison is shown in �gure 4.15.
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Figure 4.15: Comparison of the measurement between Watermark and 5TE sensors placed on treatment 4 of
the eggplant experiment.

Two things appear from this analysis. First the 5TE sensor reacted more quickly to an irrigation
event. Indeed there is usually a 30 minutes to 2 hours delay between the peak of the 5TE and Watermark
sensor. The lag time was longer when the soil matrix potential was low but generally a 1 hour was most
common. The time lag observed with the Watermark sensors may therefore not be due to the reaction
time of the producer to trigger irrigation when an alert is sent, but rather to the reaction time of the
sensor itself. Secondly, it appears that the Watermark sensor seems less reactive to changes in soil water
�uctuations than the 5TE. This is particularly visible during night times, when the 5TE shows a very
�at behavior, while the signal from the Watermark keeps decreasing. Both phenomenon have also been
reported in other studies [55], and seem to come from a delay in the equilibrium that occurs between the
soil matrix potential and the porous granular matrix in which the electrodes are embedded. Nevertheless,
both devices gave similar values of soil matrix potential and their accuracy can be considered good and
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adapted to triggered irrigation.

4.3 Discussion of preliminary results

The analysis of the root distribution seems to indicate that the irrigation e�ectively impacts on the
development of the root system. If the treatment 1 is considered the reference, unstressed, root dis-
tribution, it appears clearly that the root system of treatment 2, was shallower which re�ects well the
irrigation schedule. In addition, the treatment 4 seems to show that the roots were less concentrated in
the upper 10 cm and distributed more homogeneously with depth, this is specially visible at day 70. It
is clear that this analysis only relies on a very small sample and that local variation in the ground may
have played a role in the root development but the general trend seems to be realistic. A wider analy-
sis was however not possible, mainly due to the reluctance of the local producer to destroy healthy plants.

The question that remains is to determine whether a deeper root system improves the plant develop-
ment or sensitivity to stress. From our experiments, it seems that the experiments with longer roots
(especially experiments 1 and 4), had a longer resistance to a punctual drought, as it was discussed in
chapter 4.2.3. A deeper root system is probably also interesting in terms of nutrient uptake since it covers
a larger soil volume. This point was however not investigated in the present study. In our experiments,
treatment 2, with a shallow root system, produced the highest harvest, but productivity was not maximal.
It is not completely clear if the restricted root system played a signi�cant role in the limited productivity
of treatment 2, or if it was only due to the magnitude of water stress. It seems however clear that a
plant with a shallow root system will su�er quicker for water stress and therefore promoting a wider root
system is probably bene�cial in terms of water use e�ciency.

It appears particularly clear that at early growth stage and until the end of crop development, a low
frequency to promote root development also induced a certain water stress to the plant that limited
canopy development, which was not bene�cial for fruit formation. During yield formation it seems that
water stress was less severe for the plant and that production was more dependent on the biomass formed
during the previous stages, as long as the soil matrix potential was higher than about -100 kPa. Lowering
the irrigation frequency during this stage may therefore be interesting to still promote root development.
Another point that can be raised is more linked to the drip kit system. It appeared that drippers clogged
more easily when the irrigation frequency was low. This may be to the fact that at high frequency (such
as once a day), the micro-tubes do not completely dry so that the dirt is not solid is frequently washed
away. When the frequency is lower the dirt accumulates more rapidly around the micro-tubes walls and
are eventually clogged.
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5|Results of HYDRUS 2D simulations

5.1 Model Calibration

5.1.1 Cabbage

To calibrate and validate our simulations, we compared the simulated and measured soil matrix po-
tential and volumetric water content at di�erent depths for the third growing stage (days 45 to 75 after
transplanting) (�gures 5.1 & 5.2).
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Figure 5.1: Comparison of the simulated and modeled water dynamics for the mid-season growth stage of the
cabbage experiment at 5 and 10 cm depth and for treatment 1 (optimal, low irrigation depth).

The evolution of the soil matrix potential for treatment 1 (�gure 5.1) was not completely regular. In
particular there is a drop between the 1st to 5th January. This is most probably due to the drip system
which uniformity is not very stable: the micro-tubes may partially get clogged; a small water puddle may
form due to the relatively high discharge rate and due to crusting of the surface, resulting to some runo�,
sometimes in the opposite direction of the sensor, which is about 10 cm away from the micro-tube. This
drop is therefore only a local phenomenon and does not represent the overall state of the crop which was
correctly irrigated.
Still, the model predicts relatively well the rate of water depletion, as the amplitude of the curves are
similar.

Concerning treatment 2 (�gure 5.2), the model appears relatively accurate as well. The behavior of
the measured soil matrix potential was more steady in this case, due to the higher irrigation depth, which
recharged the soil deeper and somewhat wider. The reduction of the water uptake (due to water stress)
is also correctly modeled. This is particularly visible after December 29, as the water content drop is
much smaller the last day before an irrigation event.

It should be noted that in HYDRUS 2D, the root distribution does not evolve with time, so that com-
parison over a long period may be di�cult, as root adaptation can be relatively fast in reality [36].
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Figure 5.2: Comparison of the simulated and modeled water dynamics (soil moisture and soil matrix potential)
at di�erent depths for the mid-season stage of the cabbage experiment and for treatment 2 (stress, high irrigation
depth).

Based on these two simulations, the actual evaporation and transpiration �uxes can be calculated.
Table 5.1 summarizes the main results.

Percentage of max.
Transpiration [%]

Percentage of max.
Evaporation [%]

Total irrigation
applied [L]

Leakages [L]

Treatment 1 87.0 87.2 2700 0.5

Treatment 2 61.9 61.7 2000 2

Table 5.1: Results of the HYDRUS simulations during the mid-season of both treatments of the cabbage
experiment.

These results suggest a strong transpiration reduction. This reduction is specially important for treat-
ment 2, the last day before each irrigation event. This reduction was however not measured by the sap
�ow meters which showed no signi�cant transpiration reduction. From the measurement it is clear that a
reduction of the water uptake occurred in the central zone where measurements took place, but it seems
that this reduction was compensated in other parts of the root zone, where the matrix potential was
higher. Such root water uptake compensation has been reviewed in the literature, showing the strong
ability of roots to adjust their water uptake, especially from deeper roots [56], [40].
Our model illustrates the amplitude of the potential water stress for both treatments, even if some com-
pensation is likely to have occurred. We were however unable to simulate this water uptake compensation
in our model. We believe this compensation is di�cult to model because of the static character of the
root distribution in HYDRUS, which does not allow roots to grow in zones of higher water content.
It may also be possible that the sap �ow measurements were not completely accurate.
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5.1.2 Eggplant

A similar calibration was done for the eggplant experiment. A period of 15 days was selected, start-
ing about 80 days after transplanting during the fruit formation stage. The comparison is done with
experiment 4, since it showed the lowest soil matrix potential values.

0.15

0.20

0.25

0.30

10 cm
 depth

févr. 24 févr. 26 févr. 28 mars 02 mars 04 mars 06 mars 08 mars 10
Date

V
ol

um
et

ric
 W

at
er

 C
on

te
nt

 [−
]

Hydrus model

Field data

−200

−150

−100

−50

0

−200

−150

−100

−50

0

−200

−150

−100

−50

0

5cm
 depth

10cm
 depth

15cm
 depth

févr. 24 févr. 26 févr. 28 mars 02 mars 04 mars 06 mars 08 mars 10
Date

S
oi

l m
at

rix
 p

ot
en

tia
l [

kP
a]

Hydrus model

Field data

Figure 5.3: Comparison of simulated and modeled water dynamics (soil moisture and soil matrix potential) at
5, 10 and 15 cm depth, for the mid-season stage of the eggplant experiment and for treatment 4 (stress - high
depth).

Simulations were done for all four experiments and good results were obtained using the same soil
and plant parameters which supports that our calibration is correct. An overview of these simulations is
shown in �gure A.6 in appendix A.5.1. The table 5.2 shows the reduction of di�erent �uxes as computed
by our simulations.

Ratio of max.
Transpiration

Ratio of max.
Evaporation

Irrigation
/ ETc

Leakages /
Irrigation

Mean soil
matrix potential

[%] [%] [%] [%] [kPa]

Treatment 1 99.9 89.9 90.1 5 -21.2

Treatment 2 76.4 55.5 69.7 0 -140.0

Treatment 3 84.1 67.6 78.6 0 -77.9

Treatment 4 65.3 48.3 61.9 0 -121.6

Table 5.2: Results of the HYDRUS simulations from February 23 to March 15 for the four treatments of the
eggplant experiment.

Those results con�rm well the previous discussed conclusion from the �eld experiments. During the
mid-season experiment 2 and 4 were subject to water stress which limited the productivity, while Treat-
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ment 1 su�ered no stress and experiment 3, only a mild stress. Interestingly the mean root zone soil
matrix potential calculated in HYDRUS, corresponds strongly with the mean soil matrix potential cal-
culated at 15 cm for period 3 (see table 4.6).

Finally, �gure 5.4 shows the mean soil matrix potential with depth over time for all four treatments.
The pro�le was done at a distance of 7.5 cm laterally from the dripper. The drop in soil matrix potential
indicates the lower limit of the wetted bulb, where the soil is only partially recharged by the irrigation
events, but where roots are still present.
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Figure 5.4: Vertical pro�le of the mean soil matrix potential over time with depth for all four treatments at a
lateral distance of 7.5 cm from the dripper.

It appears that, for treatment 1, the soil is recharged completely and roots were not subject to any
limitations due to water stress. For the three other treatments, the limit is located around 15 to 20 cm for
treatment 2, 20 to 25 cm for treatment 3 and 4. The potential above those depth is higher for treatment
2, followed by treatment 3 and 4. These results also match relatively well the root analysis discussed
previously. It seems however that some roots went deeper in the soil than the modeled wetted bulb, even
though most of the root biomass was contained above the modeled depth.

We �nally computed the mean soil matrix potential for the period of simulation along a horizontal
pro�le at a depth of 10 cm from one dripper to the next one (50 cm). The results are shown in �gure 5.5.
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Figure 5.5: Horizontal pro�le of the mean soil matrix potential over time from a dripper for all four treatments
at a depth of 10 cm.
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The two drops represent the edge of the width of the wetted bulb. The higher soil matrix potential in
the middle is due to low root water uptake. Concerning the spread of disease it appears that, particularly
in treatment 2, the low matrix potential about 15 cm from the dripper is probably an important barrier
against the movements of pathogens. In contrast the potential remains very high for treatment 1 which
favored the dispersion of the disease. The analysis is less clear between treatment 3 and 4, though the
mean values for treatment 4 are lower which was probably decisive to stop the spread of the disease.

5.2 Threshold and irrigation depth modeling

In this part we built di�erent scenarios with di�erent irrigation depths and di�erent thresholds. We
used for all scenarios the same plant and soil calibration as for the eggplant experiment and the simulation
duration, the evaporation and transpiration �uxes were the same for all scenarios. The model is based
on the drip irrigation system from iDE.
Scenarios were run with a threshold to trigger irrigation which was placed at a depth of 5 cm and 5
cm away from the dripper horizontally. Because the irrigation events are short (about 30 minutes to
two hours) and hydraulic conductivity is relatively low, the wetted front from an irrigation application
in�ltrates slowly in the soil and only reaches a depth of about 5 cm at the end of the irrigation event.
As a consequence, if the threshold was placed deeper, HYDRUS would trigger a second irrigation event
directly because the soil matrix potential is still below the threshold at that time, which doubles the
irrigation depth and in�uences our scenarios. This is a limitation of the model and as a consequence the
threshold could only be placed at a shallow depth of 5 cm.

We analyzed two di�erent periods. The �rst period corresponded to the initial growth stage, between
day 10 to 30 after transplanting. The second period considered corresponded to the beginning of the
mid-season, during yield formation, about 80 days after transplanting also during 20 days.

For the �rst period, the thresholds tested were: -5, -10, -15, -20, -25, -30, -40, -50 and -100 kPa. These
scenarios were also tested with di�erent irrigation depths corresponding to 25, 50 and 100 liters.
For the mid-season period, the thresholds were: -5, -10, -20, -30, -50, -70, -100, -150 and -200 kPa. These
scenarios were also tested with di�erent irrigation depths corresponding to 100, 200 and 400 liters. For
the irrigation depths of 200 and 400 liters, the longer irrigation time allowed to place the threshold at 10
cm depth as well.

As already mentioned in chapter 3.1.1 we chose to express irrigation depth in terms of water volumes in
liters instead of mm/m2 as the estimation of the e�ective irrigated surface is not straightforward and
depends on the sub-lines and drippers spacing, as well as the irrigation depth. For the HYDRUS simu-
lations we based our calculations on the drip kit system of the eggplant crop. As a result, the irrigation
depths supplied 90 drippers, which allowed us to express the irrigation depth in terms of liters per dripper
in HYDRUS. Since the wetted area at the surface �uctuated given the irrigation volumes applied to the
crop, the net irrigation depth in [liter/m2] may very given the amount of water applied. Using water
volumes provided a �xed quantity in HYDRUS and avoided confusion. A general procedure to calculate
the irrigated area and to calculate irrigation depth is discussed further in the study in chapter 6.4.

For each simulation, the root zone was adapted to match the simulated wetted bulb in order to avoid
water stress in zones that are not reached by the irrigation water. The evolution of the soil matrix po-
tential at di�erent depths was evaluated and the percentages of actual over maximal transpiration and
evaporation were evaluated. Before recording the results of the simulations, we let the model run for
three days, so that a certain equilibrium was reached in terms of water distribution in the soil.

5.2.1 Early growth scenarios

Figure 5.6 shows the evolution of the soil matrix potential for all simulations with an irrigation depth
of 25 and 100 liters, the scenarios with a depth of 50 liters are shown in appendix A.5.
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Figure 5.6: Evolution of the simulated soil matrix potential at various depths for all scenarios during the early
growth stage and using an irrigation depth of 25 liters and 100 liters.

For all scenarios it appears clearly that the soil matrix potential below 15 cm does not �uctuate with
time. Even at 15 cm the evolution of the potential hardly �uctuates, except for the last scenarios with
an irrigation depth of 100 liters and a threshold lower than -50 kPa. Indeed, the roots at that stage only
reach a depth of 10 to 15 centimeters, so that the water uptake is very limited below 10 cm. Moreover,
depending on the threshold, the irrigation either saturates the whole soil (high threshold), so that the
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potential stays very high, or when the soil is drier only the upper part of the soil is recharged by the
low irrigation depth. The �gure A.9 in appendix A.5 shows the mean soil matrix potential over time at
di�erent depths. The drop that occurs at a certain depth corresponds to the edge of the wetted bulb. It
shows that with a depth of 25 liters, only the �rst 10 cm are reached by the irrigation front, for the 50
liters scenarios the depth is about 13 cm and for the 100 liters scenarios the depth is 170 cm.
The �rst conclusion that can be done is that placing the sensor below 10 cm is not recommendable as
the sensor will only measure low variations and the placement will not be representative of the water
availability in the root zone.

This represents a major limitation of our irrigation management system. If we want to control irri-
gation using only one sensor during the whole growth, a maximal depth of 10 cm is required for the
sensor. This depth seems however justi�ed as it corresponds also to the depth of maximal root density
from our root analysis (see �gure 4.12 from chapter 4.2.4).

The �gure 5.7 shows the reduction of transpiration depending on the threshold used, as well as other
relevant results.
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Figure 5.7: Summary of all scenario results for the early growth stage and given the irrigation depth. The
upper-left plot represents the simulated cumulative actual transpiration volumes over the cumulative potential
transpiration amounts given the irrigation threshold used at 5 cm depth. The bottom-right plot shows the
relationship between the mean root zone soil matrix potential over time and the soil matrix potential threshold
used. The upper-left plot shows the ratio of transpiration reduction given the mean root zone soil matrix potential.
The bottom-right plot represents the reduction in irrigation water applied using the ratio of cumulative irrigation
amounts over the cumulative amounts of potential transpiration and evaporation given the threshold used.

For the early growth stage, it has been discussed that water stress could already a�ect plant growth
before transpiration actually starts to decrease. In our models, it was shown from the calibration that
the transpiration reduction function overestimated the actual transpiration reduction (but not the local
root water uptake reduction), so that we consider the transpiration reduction as a good indicator of water
stress.
For this early stage, we propose to �x the optimal threshold just before transpiration starts to decrease.
Looking at the �rst plot of �gure 5.7, with a sensor at 5 cm, this threshold is -20 kPa with an irrigation
depth of 25 liters, -30 kPa for 50 liters irrigation depth and -40 kPa for 100 liters. When looking at
the last plot, we observe that the ratio of irrigation over evapotranspiration is strongly reduced for high
thresholds and then presents a very �at slope. The proposed threshold are located near at the start of
this plateau, con�rming that the threshold seem optimal for the purpose of both water stress avoidance
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and water savings. For more security, the threshold could be increased a bit, and placed exactly at the
beginning of the plateau, about 5 kPa higher. If we want to place the sensor at 10 cm depth, the threshold
should be adapted. The table 5.3 summarizes the selected thresholds.

Irr. depth Threshold at 5cm Threshold at 10cm Irrigation/ETc Irr. frequency

[L] [kPa] [kPa] [%] [1/day]

25 -20 -20 40 1.5

50 -25 -20 39 1/1.3

100 -30 -15 42 1/2

Table 5.3: Summary of the selected optimal thresholds and irrigation schedules for the early growth stage based
on all HYDRUS scenarios.

It is interesting to note, that at deeper depth, the threshold must be lower when the irrigation depth
is higher, due to the higher recharge of the soil after an irrigation event.

The irrigation depths selected for our scenarios do not lead to signi�cant di�erences in terms of wa-
ter savings compared to water stress. One hypothesis of the study was that increasing the irrigation
depth and lowering the irrigation frequency would save water as the soil surface is less frequently wetted,
limiting the top soil evaporation. This conclusion was proposed by Mermoud et al., 2005 [50] who used
HYDRUS 1D to simulate surface irrigation in semi-arid zones. The model has shown that there was no
clear di�erence in evaporation reduction between the scenarios for triggered irrigation. Since the soil is
only partially wetted (in contrast to surface irrigation), the reduction of evaporation by decreasing the
irrigation frequency is compensated by an increase of the wetted diameter at the soil surface, due to the
higher irrigation depth. The evaporation reduction was in the end very similar for each irrigation depth.
Irrigating with a higher depth increases the depth of the wetted bulb, which may promote a deeper
root system, however it reduces the irrigation frequency and �eld experiments have shown that a higher
frequency slowed the plant growth.
From the simulations, using a very low irrigation depth seems to hardly reach 10 cm which is probably
not optimal.

To conclude, we propose to use an irrigation depth corresponding to 50 liters, with a threshold of -
20 kPa at 10 cm depth and located about 5 cm away from the stem.
Our simulations show that great water savings can be achieved at that early growth stage. A part of the
water savings are directly linked to the drip kit system since a part of the soil is not irrigated, limiting
the evaporation �ux, which is the major source of water loss. Controlling irrigation shows that greater
water savings can be made by avoiding leakages and controlling the soil moisture at the soil surface. It
should be noted that in these simulations we use a value for the crop coe�cient Kc corresponding to
its maximal value (around 1.2) and not the mean value proposed by the FAO, which already takes into
account evaporation reduction, but which can vary greatly depending on the irrigation frequency. As a
result the calculated ETc values to its maximal value and the ratio Irrigation / ETc appears thus lower.

5.2.2 Mid-season scenarios

The same methodology was repeated to build scenarios during the mid-season, when water needs are
the highest. The same evapotranspiration was used for all scenarios and the root zone was adapted for
each scenario. The results are shown in �gure 5.8 for the irrigation depth of 100 liters and 400 liters, the
results for 200 liters can be found in appendix A.5.
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Figure 5.8: Evolution of the simulated soil matrix potential at various depths for all scenarios during the
mid-season stage and using an irrigation depth of 100 liters and 400 liters.

The main di�erence between the two di�erent irrigation depths is that the highest depth allowed to
recharge the soil more deeply, below 25 cm, while the lowest depth only reached about 15 cm. The �gure
5.9 shows the di�erent �uxes at a depth of 5 cm. For the irrigation depths corresponding to 200 and 400
liters, the scenarios were also run with the threshold at 10 cm depth.
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Figure 5.9: Summary of all scenario results for the mid-season growth stage and given the irrigation depth and
for a threshold placed at a depth of 5 cm (upper graphs) and 10 cm (lower graphs). The upper-left plot represents
the simulated cumulative actual transpiration volumes over the cumulative potential transpiration amounts given
the irrigation threshold used at 5 cm depth. The bottom-right plot shows the relationship between the mean root
zone soil matrix potential over time and the soil matrix potential threshold used. The upper-left plot shows the
ratio of transpiration reduction given the mean root zone soil matrix potential. The bottom-right plot represents
the reduction in irrigation water applied using the ratio of cumulative irrigation amounts over the cumulative
amounts of potential transpiration and evaporation given the threshold used.

It appears that there was little di�erences between the scenarios with di�erent irrigation depths in
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terms of transpiration reduction and water savings. The reduction of transpiration and irrigation amounts
are relatively similar for all irrigation depths, with a slightly higher transpiration with a 400 liters depth.
The main di�erence resides more in the frequency of irrigation but the results in terms of water savings
and water stress are similar.
An interesting observation, looking at the bottom right �gure, is that for a low irrigation depth (100
liters) and a low threshold, the mean root zone soil matrix potential is lower than the threshold, indicat-
ing that the soil is more saturated near the center where the sensor is placed. This is mainly due to the
high irrigation frequency. However, at lower thresholds, the tendency is inverted and the potential at the
sensor location is lower than the mean root zone soil matrix potential, due to the higher water uptake
in this zone and the lower irrigation frequency. The point were the tendency inverses is around -50 kPa.
For high depths this phenomenon is less pronounced and the relationship more linear.
We propose for this growth stage to allow a small transpiration reduction and choose a threshold cor-
responding to 95%. Indeed, as discussed, plants are more tolerant to water stress during this stage and
our model showed a much higher transpiration reduction than the �eld experiments. For all experiments
this corresponds to a threshold of about -50 kPa. When looking at the ration irrigation over ETc, it
appears that this threshold is located on the same plateau as for the previous growth period, but which
corresponds to 90% of ETc this time. The plateau is higher due to the much lower importance of the
evaporation �ux at the stage, so that irrigation is much more linked to transpiration. It is also interesting
to note that -50 kPa corresponds to a value representative of the mean soil matrix in the root zone.

The table 5.4 summarizes the values for the di�erent �uxes at the corresponding thresholds.

Irr. depth Threshold at 5 cm Threshold at 10 cm Irrigation/ETc Irr. frequency

[L] [kPa] [kPa] [%] [1/day]

100 -30 -50 90 1

200 -50 -50 92 1/2

400 -60 -70 89 1/3

Table 5.4: Summary of the selected optimal thresholds and irrigation schedules for the mid-season growth stage
based on all HYDRUS scenarios.

Each irrigation depth seems appropriate and will depend more on the producer's needs or on the
size of the water reservoir. Using higher depth allows to spend less time in the �eld since the irrigation
frequency is reduced. A drawback that needs to be more studied is the possibility that the drip system
get clogged more easily with lower frequency. Using a low irrigation depth may restrict the root system
expansion which may limit the nutrient availability. This was however not investigated in this study.

5.3 In�uence of the soil texture

In this section, we evaluated the in�uence of the soil texture on the transpiration and irrigation
amounts with the proposed thresholds discussed previously. Di�erent soil textures were tested, from rela-
tively coarse soil textures (sandy soils) with high hydraulic conductivities at saturation, to �ne soils (clay
soils). The textures where classi�ed by decreasing particle sizes, which also corresponds to decreasing
values of the parameters n and α from the van Genuchten equation (eq. 2.15). Coarse textures are char-
acterized by high hydraulic conductivity near saturation but rapidly decreasing with lower soil matrix
potential. The decrease in potential is also very steep with decreasing soil moisture (see chapter 2.2.3).
Fine textures in contrast have lower hydraulic conductivity, but become higher than coarse textures at
lower matrix potential. The decrease in matrix potential with soil moisture is also less steep. We used
6 soil textures that are available in HYDRUS and were parametrized by Carsel et al., 1988 [29]. They
represent mean values for a large set of soils de�ned in the same class. The textures selected were Sandy
loam, Sandy clay loam, Loam, Clay loam, Silty loam and Silt.

For both early growth we built three scenarios for each soil textures with irrigation thresholds corre-
sponding to -20, -30 and -50 kPa and for the mid-season stage the thresholds tested were -10, -50 and
-100 kPa. The irrigation depth used for all scenarios was 50 liters for early growth and 200 liters for
mid-season. The �gure 5.10 shows the ratio of maximal over potential transpiration and evaporation as
well as the ratio of irrigation amounts over crop evapotranspiration.
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Figure 5.10: Ratio of maximal over potential transpiration and evaporation as well as the ratio of cumulative
irrigation amounts over cumulative potential evapotranspiration given di�erent soil textures and using three
di�erent thresholds at a depth of 5 cm. Simulations for the early growth stage (left) and the mid-season stage
(right).

It appears that for the optimal scenarios (-30 and -50 kPa) transpiration reduction is relatively sim-
ilar for all soil textures and the ratio is between 90 and 100%. Fine texture soils tend to have a higher
irrigation frequency, this is due to their lower matrix potential at �eld capacity (around -40 kPa, against
-10 kPa for coarse soils), leading to faster drainage of the soil. This implies higher irrigation amounts as
well.
Fine texture soils have also a more homogeneous soil matrix potential in their root zone. This is due
to their higher hydraulic conductivity at low matrix potential, balancing the di�erences within the root
zone. In our previous scenarios with our calibrated texture, which is relatively sandy, the potential tended
to be lower in the central part of the root zone, where the sensor is placed, with higher values of soil
matrix potential deeper, which allowed more root water uptake compensation. In �ne soils, the decrease
is more homogeneous, leading to less compensation and higher water stress with low thresholds.
It is usually assumed that sandy soils are subject to important leakages, this seems to happen however
only when it is saturated. When the threshold and the irrigation depth is controlled, leakages appear to
become rapidly marginal even for coarse soils.

To conclude it appears that the thresholds proposed previously seem to be adequate for any soil tex-
ture, during both early growth and mid-season stages. Those results are very encouraging regarding the
piloting of irrigation using a threshold since the system seem to be applicable on a widely range of soil
texture, making it very �exible without much adaptation.

Concerning Burkina Faso, it was shown that most soils could be identi�ed as sandy loam or sandy
clay loam textures as discussed in chapter 2.1. Those soils responded well to our models in terms of
transpiration and water savings so that it is believed that the proposed thresholds are well adapted.
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5.4 Horizontal spread of the wetted bulb

Concerning the sensor location, not only does the sensor depth matter but also its horizontal distance
to the dripper. It was already shown from the �eld experiments that the far sensors placed at a horizontal
distance of about 12 cm did not systematically react to the irrigation events, as they were disconnected
from the wetted bulb. This was particularly signi�cant for experiments with low irrigation depth. This
could also be due to a displacement of the dripper or runo� in the opposite direction from the sensor.
In �gure 5.11, a horizontal pro�le of the mean soil matrix potential at a depth of 10 cm was computed.
All scenarios were done for the mid-season period, with an irrigation depth of 200 liters and using three
di�erent thresholds. The same six textures were also tested.
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Figure 5.11: Horizontal pro�le at 10 cm depth of the mean soil matrix potential with time during the mid-season
and using di�erent thresholds and soil textures.

It appears that the soil matrix potential is constant until a horizontal distance of about 10 cm from
the dripper. Beyond this distance, the soil matrix potential drops more or less steeply depending on the
soil type. We suggest therefore to place the sensor at a horizontal distance of 5 cm. Placing it further may
result in a lower response of the sensor, especially at early growth stage and may be less representative
of the root zone soil matrix potential.
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6.1 Water stress and threshold

The �eld experiments and numerical modeling were conceived and performed as complementary ap-
proaches, and conclusions seem to converge towards a general irrigation management system that is
discussed here.

First, it was shown that measuring water stress directly is not a straightforward operation and that
sap �ow measurements may not be the most e�cient method to assess water stress and yield reduction
on plants with small diameter. In addition, it seems that stress conditions may appear before transpi-
ration reduction occurs, especially when biomass is building up. As discussed earlier, other e�ects of
water stress can occur before transpiration reduction such as reduction of cell growth and wall synthesis
[14] at early growth and pollination failure (disturbance in embryo formation) during mid-season [15].
An alternative approach was successfully used by Thompson et al., 2007 [41] who assessed water stress
by measuring leaf water potential with a pressure chamber, and was able to measure pressure reduction
at soil matrix potential values as high as -39 kPa for tomato. Measuring stem water potential with
psychrometers was attempted in this study but was not successful due to device failure. The relation-
ship between water stress and e�ective reduction of yield is also not clear, especially with regard to the
di�erent plant growth stages. Field experiments where soil water availability or soil matrix potential
is directly compared to yield reduction seem to give the best evidence of water stress, but comparison
between experiments is di�cult due to external local parameters characteristic of the site. It is also not
easy to distinguish between the di�erent phenomenon which may also induce yield reduction such as
salinity stress, nutrient availability, temperature stress, etc.

From our experiments, the cabbage crop appears more sensitive to water stress than the eggplant crop
since a small reduction of transpiration could be observed below -50 kPa for the cabbage, whereas no
signi�cant reduction was observed for the eggplant before -200 kPa, though the sap �ow measurements
were probably not completely accurate. A database for the Feddes water stress model is available in
HYDRUS based on Taylor, 1972 [16], and p values (faction of water depletion) are proposed by the FAO,
1998 [11]. No values were available for eggplant so we used the data for tomato, which belongs to the
same family and has similar characteristics. They are summarized in table 6.1.

Feddes (h3 and hpwp) FAO (fraction of water depletion - p)

higher threshold lower threshold early stage crop development mid-season

[kPa] [kPa] [-] [-] [-]

Cabbage -60 -800 0.4 0.4 0.4

Eggplant -80 -800 0.3 0.4 0.5

Table 6.1: Summary of thresholds for the start of transpiration reduction proposed for the Feddes model (based
on Taylor, 1972 [16]) and for the FAO model (based on FAO, 1998 [11])

Both database seem to con�rm our observations since, during the mid-season, eggplants tolerate a
lower soil matrix potential threshold and has a lower p value. The p value usually increases with plant
growth, which re�ects the higher plant tolerance to stress due to a more extensive root system. For the
early growth stage, the p values proposed correspond to the start of transpiration reduction. In FAO's
AquaCrop model [10], a lower value is proposed for reduction of canopy development. A p value of 0.15
is proposed for the tomato which is much lower than the value of 0.3 indicated previously and re�ects
the need of a higher threshold at the beginning.

The values proposed for the Feddes model were tested with our calibrations, but did not simulate correctly
the local root water uptake reduction. We used for our models a higher threshold for root water uptake
reduction (50% uptake reduction at -50 kPa) but also allowed water uptake compensation. We believe
that root water uptake can decrease at higher soil matrix potential but does not lead to transpiration
reduction as long as water uptake can be compensated in other parts of the root zone. Therefore the
values used for the Feddes model re�ect more a "point" or mean root zone soil matrix potential below
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which transpiration decreases, but not the local ability of the roots to uptake water. In the Feddes model,
the relationship between root water uptake and transpiration reduction is therefore not clear.

Our models showed that the root zone soil matrix potential cannot be considered homogeneous and
that it is therefore very di�cult to �nd a reference threshold among the di�erent studies that have been
conducted in the literature, since there are no consensus on the depth and location of the sensors. From
this perspective the model from the FAO, which assesses the state of the water depletion in the whole root
zone, seems more reliable, but unfortunately the depletion is di�cult to monitor in the �eld and it cannot
be linked to a soil matrix potential threshold, as the relationship is not linear and depends on the soil type.

Given the di�culty to de�ne precisely water stress, our combined experiments and models have shown
relatively clear results, though they might not be completely plant speci�c. It appears that de�ning a
very speci�c threshold for each plant may not a�ect greatly the irrigation amounts. Indeed we have shown
that a strong reduction of the irrigation volumes occurs at high soil matrix potential thresholds, around
-20 kPa for the early growth stage and around -30 kPa for the mid-season. This rapid reduction comes
from the reduced water losses due to evaporation and leakages. For the mid season, water needs were not
signi�cantly di�erent for thresholds between -30 and -75 kPa and lowering the threshold resulted then
mainly in transpiration reduction. We recommend here a system that limits unnecessary water losses
and optimizes transpiration. It is also interesting to note, that according to the database from Taylor,
1972 [16], most plants have a stress tolerance in a range between -30 kPa and -80 kPa, which corresponds
to that plateau. De�cit irrigation which would consist in limiting transpiration and partially plant yield
to save water is not considered here. This practice seems however not pro�table, as yield losses decrease
faster than transpiration reduction for most vegetable crops [15].
The in�uence of the soil texture on the discussed thresholds was also assessed. It was found that, though
the wetted zone di�ered given the soil type, the thresholds did not change signi�cantly. In our models,
this was partially due to the fact that we considered that the root distribution �tted well with the wetted
zone so that the root system was directly in�uenced by the depth of the sensor and the irrigation schedule.
Our root zone therefore adapted automatically its main root zone density near the sensor location. This
assumption was con�rmed by our analysis of the root density in the experimental crops but should be
tested at other locations with di�erent soil textures. In particular, the impact of the very hard soil layer
at 25 cm depth was unclear.

From these observations we estimate that the thresholds proposed in this study allow a good compromise
between saving water, assuring plant yield and proposing a simple and �exible system adapted to most
vegetable crops and soils.

6.2 Proposed irrigation system

The goal of this research was to understand the plant and water dynamics in order to propose an
optimized support system for piloting irrigation in semi-arid regions. A decisive factor in order to propose
a new technology in poor rural areas is the price of the system, its robustness and its simplicity of use.
These constraints orientated the research towards the de�nition of a cheap system, that is using the least
number of sensors, which makes a large part of the price. In this perspective placing only one sensor at
a single depth was the primary system envisaged, though other options were also investigated.

The main di�culty with using a sensor at a single depth is that it is not possible to assess the soil
water availability in the root zone but only at a point. There are no indications on the soil matrix po-
tential elsewhere. The consequence is that the system does not give any information about the irrigation
depth that is applied at each irrigation event. If a too high irrigation depth is applied at once or if the
soil is very sandy with a high hydraulic conductivity, water may in�ltrate below the root zone, leading to
unnecessary leakages, but the only information from the sensor will be that the soil was replenished at
the sensor depth. Moreover, especially at early stage, there is a risk of over saturation of the soil which
may limit the sensor reactivity.
On the opposite, if the irrigation depth is low, the system will insure that the soil is irrigated at least up
to the sensor depth, but the behavior below is again unknown. This may limit the wetted zone of the soil
and hence limit root development. A shallow root system did not cause real problems concerning water
stress but nutrient availability was not investigated. As a result using only one sensor can only manage
the irrigation frequency of the system and water stress can be avoided by recharging the soil at regular
interval but this is the only feature of the system.
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Nevertheless, our analysis showed encouraging results and proved that it was possible to place the sensor
at a relatively representative location within the root zone especially during the mid-season and that the
threshold is relatively stable given the irrigation depth. At early growth stage we propose to use a higher
threshold since the sensor location is less representative of the root zone soil matrix potential and water
stress tolerance is lower. It is also believed that this sensor depth can be used for plants with di�erent
maximal root zone depths. Indeed, the root distribution and the root water uptake depended strongly
on the irrigation schedule so that roots will grow mainly in the wetted zone of the soil. As a result,
the sensor depth, combined with the irrigation depth will directly in�uence the root distribution so that
the sensor depth will promote a strong root development near its location, which makes it sensitive to
plant water stress. The proposed thresholds seemed to perform well for di�erent soil textures, though
some �ner adjustments may be possible, but would restrict the �exibility of our system. Therefore using
one sensor at a depth of 10 cm seems to be the best alternative. Still too low irrigation depth may
lead to some water stress as it was shown that the threshold should be a bit higher. Given the fact the
we selected thresholds with a model allowing rapid water stress, a certain safety margin can probably
be considered so that the system may still be e�cient. The system can however not manage too high
irrigation depths (much above 400 liters) very well and the main risk is water losses due to leakages and
therefore over irrigation. Putting the system into the context of Burkina Faso shows that this may not
be a problem during the mid-season, since water reservoirs are usually small, so that irrigation depth is
hardly too high. For example, using iDE drip kit, the 500 m2 kit can only irrigate 1000 liters at once
when using a full water reservoir for a surface of 500 m2. This represents a low depth of 100 liters per
50 m2 as used in our simulations. The 200 m2 can apply a maximum depth of 200 liters per 50 m2. The
main risk with those drip kit concerns the early growth stage where too high irrigation depths may lead
to system failure by saturating the soil at 10 cm depth.

As discussed, the threshold needs to be adapted with time. One constraint here was that we did not
want to displace the sensor during the experiment, so that the depth must be adequate for the whole
crop growth. 10 cm was found to be the most convenient depth. Nevertheless, the threshold must be
adapted with plant growth, as the roots penetrate deeper in the soil and plant transpiration increases.
A distinction must be made between plants that are transplanted or seeds that are directly sown in the
crop. For our models we assumed that plants were transplanted and that they possessed a rooting depth
of about 10 cm after 10 days. In this case we can rely on the thresholds used in the early growth scenarios.
However, just after transplanting, roots may hardly reach the sensor location, so that the main process
reducing the soil matrix potential is due to soil drainage. For sandy soils, �eld capacity is very high
(around -5 to -15 kPa), so that the matrix potential hardly decreases beyond this value. In parallel, the
soil evaporation in sandy soils only a�ects the top 5 cm of soil so that high soil moisture is available
for the deeper roots. During this phase, piloting irrigation with the sensor at 10 cm depth is di�cult in
sandy soils. The threshold should be set at -10 kPa to allow an irrigation event about every 2 days, but
the reaction of the sensor may not be adequate as discussed in chapter 4.2.6.
If the soil has a �ner texture, matrix potential at �eld capacity is lower (around -30 kPa), so that the
soil will reach this potential faster than coarse soils. However, the in�uence of soil evaporation for such
soils reaches a depth of about 10 cm, so that water depletion occurs deeper than for coarse soils. Table
6.2 summarizes reference values of �eld capacity for the texture class de�ned in HYDRUS and based on
Carsel et al., 1988 [29].

Sandy loam Sandy clay loam Loam Soil exp Clay loam Silty loam Silt

Matrix potential
at �eld capacity
[kPa]

-5 -10.5 -15 -12.5 -17.5 -40.5 -21.0

Table 6.2: Reference soil matrix potential value corresponding to �eld capacity for di�erent textures.

We recommend therefore to test a threshold corresponding to �eld capacity but to switch to manual
irrigation if an irrigation event is not triggered about every 2 to 3 days, which, according to our models,
corresponded to the time needed for a soil to reach �eld capacity after an irrigation event. The irrigation
frequency is di�cult to determine precisely since limited data were acquired at that stage and it is not
completely clear how the plant reacts to water stress just after transplanting. These recommendations
should therefore be validated experimentally.
Concerning Burkina Faso, most soil textures correspond to sandy loam 2.1 and their �eld capacity is
around -10 kPa. We recommend therefore to test a threshold at -10 kPa. We consider that using the
threshold may be useful at that early stage because it was observed that most water savings could be
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achieved when soil evaporation is high.

If the crop is sown, the same remarks are valid except that the period until roots reach a depth of
10 cm is longer.

As a result a minimum of four thresholds is required. The �rst threshold corresponds to the very early
growth stage when roots are very limited, The second threshold covers the initial growth stage and can
be extended to a third of the crop development stage. The third threshold lasts until the end of the
development stage and �nally the last threshold covers the mid-season. Optionally a lower threshold can
be used for the late period, during fruit ripening, to save water just before harvest, and in particular
irrigation can be stopped about 5 days before the end of the harvest. For the last period, lowering the
threshold may be risky if the growth period are not clearly de�ned, as it could induce water stress when
the fruits are still growing.
The length of the growing periods depends on each plant and also on the climate. General durations for
most vegetable crops are proposed by the FAO, 1998 [11] but the information should be veri�ed given the
climate (semi-arid for Burkina Faso) and the plant species. A visual observation can also determine these
stages by following the description of chapter 2.2.2. Taking eggplant as an example the plant growth
stage length are (1) 20 days; (2) 40 days; (3) 40 days and (4) 20 days and the thresholds are detailed in
table 6.3.

Days after transplanting [day] 0 - 10 10 - 35 35 - 60 60 - 100 100 - 120

Threshold at 10 cm depth [kPa] -10 -15 -30 -50 -50

Table 6.3: Proposed evolution of the irrigation threshold with eggplant growth

The alternative to the proposed system discussed above is to use a second sensor at a deeper depth,
although this would raise the cost of the system signi�cantly but would reduce the risks of failures and
would allow a �ner control of the irrigation. The second sensor must be placed at a depth corresponding
to the wanted depth of the wetted zone, which would correspond more or less to the depth above which
most of the root biomass is contained. Concerning our experiments, the sensor depth would be around
20 to 25 cm. The above sensor can still be placed at 10 cm with the same threshold and its purpose
is the same, that is controlling water stress and managing the irrigation frequency. The deeper sensor
works di�erently, it does not trigger irrigation but gives an indication about the irrigation depth. The
soil matrix potential for this sensor must remain between an upper threshold and a lower threshold. The
upper threshold corresponds to the soil matrix potential at �eld capacity. A default value of -20 kPa
can be used in Burkina Faso, since soils are coarse. The lower threshold can be set a bit lower than
the irrigation threshold used for the �rst sensor, a value 30 kPa lower than the threshold seems realistic,
though this value was not investigated in more details. If the soil matrix potential is higher than the
upper threshold of -20 kPa, an indication is sent to decrease the irrigation depth by 20 % the next time,
if the potential reaches 0 kPa, the irrigation must be decreased by 50%. On the opposite, if the lower
threshold is reached, irrigation must be increased by 20%. The system is summarized in table 6.4 but
must be seen as a draft and was not completely validated by numerical models or �eld experiments.
Note that this scenario corresponds to the model using a threshold of -50 kPa with a depth of 200 liters
illustrated in �gure A.12 in appendix A.5. We discussed here only the functioning during the mid-season
stage, but the system could be also adapted to early growth stage, by using higher thresholds, in a smaller
range around �eld capacity for the deep sensor.
While this system is more costly, it allows more reliability. Costs and bene�ts should be assessed experi-
mentally. It might also be more pro�table speci�cally for scienti�c purposes and may also be an interesting
alternative for an automation of the irrigation system, where valves would be opened automatically.
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Sensor depth Threshold Action

[cm] [kPa] -

10 lower than -50 Trigger irrigation

20 0 Reduce irrigation depth by 50%

20 higher than �eld capacity (-10 to -30) Reduce irrigation depth by 20%

20 lower than -80 Increase irrigation depth by 20%

Table 6.4: Summary of the functioning of the alternative proposed system using 2 sensors.

A point that was not discussed so far concerns the number of locations where the sensor must be
placed. The main discussion is whether using only one location per irrigation kit is representative enough
of the whole crop. There are many risks if using only one location. The main problems come from the
irrigation homogeneity of the drip system. The crop development was not completely homogeneous and
relatively big di�erences were present between plants. Indeed, the experiments have shown that water
delivery can vary due to pressure problems, partial clogging of the dripper, or the formation of a small
water puddle, resulting to runo�s. Inhomogeneity in the soil texture, the presence of rocks or the avail-
ability of nutrients may also play a role in the plant development. If the sensor happened to be placed on
a plant that presented lower growth, the transpiration rate and root water uptake would be lower, which
would lead to an underestimation of the crop water needs. If the dripper gets completely clogged, the
sensor will not respond to irrigation and the producer may over irrigate the crop. It may also happened
that the dripper irrigates more than the rest of the system, underestimating crop water needs.
The uniformity of water delivery along the sub-lines and at the beginning and end of the drip kit was
however relatively uniform, as plants with optimal growth could also be found at the end of the sub-lines.
The uniformity problems come mainly from random clogging of the drippers.
In these conditions, it seems delicate to rely on only one sensor in order to achieve a good appreciation
of the crop state. This con�guration is recommended only if a very regular and careful control of the
system can be provided and may require to displace the sensor. It is therefore proposed to use three
sensors and to rely on the median value to achieve a better control. The three sensors must be placed on
di�erent sub-lines in order to avoid pressure problems and at the exact same position from the dripper
(5 cm) and at the same depth (10 cm) so that the median value relies on measurements that would be
the same if homogeneity was perfect.

A last possibility would be to use only two sensors at two locations, and to send an alarm when the
measurements between both sensors di�er more than a certain value, 10 kPa for example. It would then
require an intervention of the producer to �x the problem.

6.3 Installation procedure of the irrigation management system

The procedure to put the system into function properly is summarized here and a few advices con-
cerning its deployment are given.
We suggest to use three sensors per drip kit system. The sensors must be placed on three di�erent
sub-lines of the drip kit. The location on the line does not really matter, since water distribution did not
signi�cantly decrease with distance from the water reservoir. We recommend to place the three sensors
between the middle and the last fourth of the sub-lines.
All sensors must be placed at an horizontal distance of about 5 cm from the dripper and at 10 cm depth.
Note that the sensor's porous medium has a length of about 4 cm so that the sensor tip must be placed
2 cm deeper in order to place the center of the medium at the wanted depth. The sensor is also usually
attached to a PVC pipe and is directly inserted into the soil with a certain angle. As a result the e�ective
drilling length is a bit longer and the horizontal distance at the soil surface a bit further. Eq. (6.2) and
(6.2) give the calculation procedure for any sensor depth (sdepth) and table 6.5 summarizes the exact
placement of for a sensor at 10 cm depth (sdepth) and 5 cm away (ddripper) from the dripper, given the
angle.

dv =
sdepth
cos(α)

+ 3 (6.1)

hh = ddripper + sdepth · tan(α) (6.2)

Where dv is the length (depth) of the drilling corresponding to the sensor tip in the soil [cm]; hh is
the horizontal distance from the dripper at the surface [cm]; sdepth is the wanted sensor depth (10 cm)
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[cm]; ddripper is the wanted horizontal distance from the dripper (5 cm) [cm] and α is the angle of the
PVC pipe in the soil (0◦ if the sensor is inserted vertically in the soil).

Angle (α) drilling depth (dv) Horizontal distance (dh)

[◦] [cm] [cm]

0 13 5

30 14.5 10.75

45 17.1 15

60 23 22.3

Table 6.5: Exact placement of a sensor at 10 cm depth, 5 cm away from the dripper.

The sensors should be installed a few days before the transplantation or sowing of the crops and a light
irrigation event can be triggered to humidify the sensor. Careful attention should be taken to not com-
pletely saturate the soil before the piloting of irrigation as this would prolong the drainage time and may
prevent the sensor response. On the opposite it is suggested to follow the sensors indication from the start.

Finally, the thresholds required and their evolution with time are summarized in table 6.6.

Days after transplanting Threshold at 10 cm depth

[day] [kPa]

0 - 10 -10 (or �eld capacity (see table 6.2))

10 to a third of the development stage -15

First third of the development stage to mid-season -30

Mid-season to end -50

Table 6.6: Summary of the procedure to determine the irrigation threshold given the plant growth stage.

6.4 Irrigation schedule

In this section, we give some recommendations concerning the irrigation schedule for producers inde-
pendently of the sensor network.
From our observations and modelings, it appears that water savings can be achieved especially at the
beginning of plant growth where soil evaporation and leakages can be limited. During these periods,
producers tend to irrigate the �eld abundantly in order to promote seedling growth. It seems however
that the water quantities used are mainly lost and that optimizing the schedule can insure good soil
moisture without losses. During the mid-season, less savings can be made.

A di�culty when assessing plant water needs with drip kit system is to estimate the e�ective area
that is irrigated by the system. In particular the drip kits may have di�erent spacing between sub-lines
and between drippers. Instead of using the area of the drip kit itself, we suggest to base the calculation
on the number of drippers. As a basic estimation, one can assume that each dripper irrigates a diame-
ter of about 0.4 meters, which corresponds to the wetted diameter modeled with a depth of 400 liters.
This value is somewhat overestimated for lower irrigation depths so that it can take into account water
losses and uncertainties. If the spacing is smaller than this value, the dripper spacing must be used. All
equations to calculate the irrigation schedule as discusses in chapter 2.4.2 are summarized below.
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Irrigation volume [L] =
Irrn ·Adripkit · fw

et
(6.3)

Irrn =
ETc · fleaf
Firr · fw

(6.4)

ETc = Kc · ET0 (6.5)

fw = Aw/Adripkit (6.6)

fleaf = Aleaf/Adripkit (6.7)

Aw = nd · π · d2w/4 (6.8)

Aleaf = nplant · π · d2leaf/4 (6.9)

Where Irrn is the net irrigation depth [liters/m2] or [mm]; Adripkit the area of the drip kit [m2]; fw
the fraction of soil wetted by irrigation [m2m−2]; et is the overall e�ciency of water delivery to the plant
(assumed to be 0.9) [-]; ETc the crop evapotranspiration [L/m2/day] or [mm/day]; fleaf the fraction of
soil covered by vegetation (at full development stage) [m2m−2]; Firr the irrigation frequency [day−1]; Kc

the crop coe�cient [-]; ET0 the reference evapotranspiration; Aw is the e�ective wetted area [m2]; Aleaf

area covered by plant canopy (at full development stage) [m2]; nd the number of dripper; dw the wetted
diameter (assumed to be 0.4), nplant the number of plants and dleaf the maximal diameter of the plants
(at full development stage).

For all our estimations on the eggplants each subplot had a drip kit area of 50 m2 and consisted of
90 drippers. The e�ective irrigated area can be estimated to about 12 m2 which is much below the area
of the subplot. The irrigation depth used in the models corresponded therefore to a net irrigation depth
(Irrn) of 8 mm (100 liters), 17 mm (200 liters) and 33 mm (400 liters).

The fraction of soil wetted by irrigation fw, can be estimated to 25% in our case. The fraction of
soil covered by vegetation (fleaf ) can be estimated using the maximal canopy diameter during the mid-
season. For eggplants, the maximal diameter was about 0.5 meters so that the area can be estimated to
20 m2, which represents 40% of the surface. Note that normally the dripper spacing matches the maximal
canopy diameter.

The table 6.7 suggests reference irrigation frequencies and irrigation depths for the di�erent growth
stages in Burkina Faso. The depths may be increased by 20% for the months of March and April.

Early growth Crop development Mid-season Late season

Firr [1/day] once a day once a day every two days every three days

Irrn [mm] 3.5 6 16.5 16.5

Table 6.7: Proposed irrigation schedule for Burkina Faso.

Month 1 2 3 4 5 6 7 8 9 10 11 12

ET0 [mm/day] 5.33 5.97 6.8 7.13 6.61 5.42 4.06 3.9 4.17 5.06 5.06 4.8

Table 6.8: Reference evapotranspiration values for Ouagadougou (from FAO's Climwat 2.0 database [48]).

Finally, some plant speci�c values such as Kc and the length of each growth stage can be found in
the FAO database [11].
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7|Conclusion
In this study a great attention was given to the physical processes linking the soil water, the plant

and the atmosphere. Complex interactions were demonstrated and encouraging results seem to converge
towards a general model adapted to most vegetable crops. In particular, one of the key aspect of the
study was to assess the response of root distribution to the irrigation schedule and the root water uptake
adaptation. From our analysis, it seems clear that the root development is directly in�uenced by the
wetted bulb and that water uptake compensation can be a rapid process. Based on this observation we
have shown that using a sensor at 10 cm depth was most appropriate for vegetable crops to pilot irrigation
during the whole growth stage.
We also highlighted the lack of a general consensus in the literature to pilot irrigation, as the measure-
ments were taken at di�erent depths and were very plant speci�c. We propose here a less precise irrigation
management system based on thresholds which are assumed to be tolerated by most plants. Such system
is more adapted to the local producer needs, as it gives simple and �exible recommendations. However,
we did not assess the plant speci�c tolerance to water stress, which may even vary among a same specie
given their genetic properties.
Our approach only considered the dry season during which precipitations do not occur and where water
scarcity is most severe. The system may however also be adequate during the rainy season, as drought
pockets may occur between two irrigation events, may save water by allowing more rain water to be
stored in the soil and may avoid diseases by avoiding soil moisture saturation and by keeping the soil in
a medium wet state.

Due to the great complexity of the processes, the approach used in this study focused primarily on
an analysis of the physical processes of the soil and plant dynamics. The biological interactions between
the soil and the roots were not considered in this study, in particular the in�uence of symbiotic e�ects
with mycorrhizae on nutrients and root water uptake may play a signi�cant role. We propose here one
system to improve agricultural practices in semi-arid areas but it may be used together with other prac-
tices. For instance, reducing soil evaporation may be achieved by covering it with soil mulching which
may also promote biological activity. Other interesting practices could include intercropping, using a
deep and shallow-rooted crops together to better exploit the soil moisture.

To conclude, this study has demonstrated the great potential of using an irrigation support system
in semi-arid areas, which can be adapted to the producers needs, requires low maintenance, is easy to use
and o�ers good �exibility. Still, the �nancial aspects which will be a decisive factor for the distribution
of the system have not been investigated in this study, even though the �rst project results seem encour-
aging. I am con�dent that this technology may contribute to a more sustainable use of the scare water
resources and may secure plant yields and producer revenues and I am looking forward to following the
development of this exciting technology in the near future.
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A.1 Schematic calculation of yield from FAO

Figure A.1: Schematic calculation of yield based on the AquaCrop model from the FAO (from Raes et al., 2012
[10]).
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A.2 Meteorological data
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Figure A.2: Data used for ET0 calculation and measured by the Sensorscope hydro-meteorological station based
at Meteorological Institute in Ouagadougou for the whole duration of the eggplant experiment.
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Figure A.3: Correction of wind speed. Up: Original dataset; Down: Adjusted measurement with a correction
factor of 1.96 for the Ouagadougou station
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A.3 Fitting of the soil water retention curve

(a) Cabbage crop (b) Eggplant crop

Figure A.4: Root Mean Square Error (RMSE) between the modeled and observed points calculated by varying
the 3 unknown parameters used for calibration of the soil texture from the van Genuchten equation (eq. 2.15):
α, n and θr. 2 parameters are tested, while the third is kept at the best value. The blue zone shows the area
where the RMSE is minimum, corresponding to the best combination of parameters
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A.4 Sap �ow results
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Figure A.5: Additional comparison between the soil matrix potential and the transformed sap �ow rate for both
treatments of the cabbage experiment during the late season. The blue sap �ow curves represent the 30 minutes
average, the blue Watermark curve the 15 minutes average and the red curves are the daytime means.
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A.5 HYDRUS simulation

A.5.1 Results of the eggplant calibration
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Figure A.6: Results of the HYDRUS simulations corresponding to the four treatments of the eggplant experiment
at the beginning of the mid-season, 60 days after transplanting (February 3).

A.5.2 Early growth stage scenarios
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Figure A.7: Evolution of the simulated soil matrix potential at various depths for all scenarios during the early
growth stage and using an irrigation depth of 50 liters.
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Figure A.8: Vertical pro�le of the mean soil matrix potential over time at 7.5 cm away from the dripper for all
scenarios during the early growth stage
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Figure A.9: Kernel probability density function of the soil matrix potential over time for the early growth stage
and for all scenarios).
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A.5.3 Mid-season growth stage scenarios
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Figure A.10: Evolution of the simulated soil matrix potential at various depths for all scenarios during the
mid-season stage and using an irrigation depth of 200 liters.
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Figure A.11: Vertical pro�le of the mean soil matrix potential over time at 7.5 cm away from the dripper for
all scenarios during the mid-season stage
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Figure A.12: Kernel probability density function of the soil matrix potential over time for the mid-season stage
and for all scenarios).
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