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CHAPTER 1
INTRODUCTION

1.1 Background

The world population has increased six fold between 1800 and 2000, and
is expected to grow another 40% by 2050, reaching 8.9 billion (UN-ESA,
2000). At the same time, the scope for increasing the area of agricultural
land and the use of renewable fresh water resources is limited, so that food
and water shortages are expected to increase (Wallace, 2000). It has been
predicted that by 2050, one in six of the world population will have
insufficient water to meet their basic requirements and 67% of the
population will experience some level of water shortage (Wallace, 2000).
Furthermore, global warming leads to increased aridity and threatens the
long-term agricultural productivity in semi-arid areas like the Mediterranean
region, the western part of the grain belt of the United States and California.
The prevention of dryland degradation has therefore become a high priority
(UNEP, 1997, MEA, 2005). Another trend that promotes food scarcity and
prices, is the increase in the production of biofuels (Kruse et al., 2007

Rajagopal, 2008).

One effect of this pressure on water and soil resources is the need to
expand the agricultural area. It is therefore likely that more marginal lands,
like steep slopes, soils of low productivity and drylands will be taken into
cultivation (e.g. Doolittle, 1983; Soini, 2005). Combined with the
intensification of agricultural land use, this means that the area prone to land
degradation increases (De Graaff and Eppink, 1999; Faulkner et al., 2003;
van Wesemael et al., 2006). One strategy to mitigate dryland degradation

14



and maintain yield levels is to prevent accelerated soil erosion using soil
conservation measures (MEA, 2005). Another strategy is to increase the
water use efficiency of the cropping system, which can be defined as the
amount of biomass or harvestable product produced per unit of water

(Lovenstein et al., 1995; Wallace, 2000).

1.2 Research topic

This thesis focuses on rainfed orchards in the Mediterranean region.
These cropping systems are characterised by a low soil cover during a large
part of the year and intensive tillage (Poesen et al., 1997; Borselli et al.,
2002; Pastor, 2004). As a result, the tree plantations are associated with high
rates of soil erosion, especially in hilly and mountainous areas (De Graaff &
Eppink, 1999; Borselli et al., 2002; Beaufoy, 2003; Gomez et al., 2005).
Studies of global warming foresee higher air temperatures and a greater
interannual climatic variability (Olesen & Bindi, 2002). Higher air
temperatures reduce the length of the growing season, which may shorten
the period during which the soil is adequately protected against erosion. A
larger interannual rainfall variability will increase yield fluctuations and the
risk of crop failure. Hence there is a need for policies and measures to

address and mitigate the degradation of agricultural lands.

A wide range of soil and water conservation (SWC) measures have been
documented and applied in semi-arid areas over the past decades (e.g.
Hudson, 1985; Ennabli, 1993; Morgan, 1995; van Wesemael et al., 1998;
Rockstrom, 2003; Yuan, 2003; Castillo et al., 2007; Frot et al., 2008).
Traditional SWC measures collect runoff water behind terraces and dams.
Despite their beneficial effects, there has been an overall abandonment of

terraces in the Mediterranean (Grove & Rackham, 2003). This is most
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probably explained by the costs associated with the construction and
maintenance of SWC measures. It appears that from a producer's
perspective, it is more economical to remove terraces and install irrigated
orchards on low-priced drylands, than to maintain some form of
conservation measures (Ofiate & Peco, 2005). Furthermore, there has been a
shift in cultivation practices over the last decades, aiming to increase the size
of agricultural fields, intensify the production and facilitate mechanisation
(Borselli et al., 2002; Beaufoy, 2003). The trend of mechanisation and the
expansion of tree crops has been influenced by agricultural policy (De
Graaff & Eppink, 1999; Olesen & Bindi, 2002). It has been demonstrated
that the Common Agricultural Policy of the EU has promoted the expansion
of olive plantations, as well as the mechanisation and intensification of the
cropping system (De Graaff & Eppink, 1999; Beaufoy, 2003). The study of
Beaufoy (2003) concludes that the production support of the CAP during the
1990s has rewarded intensification and expansion and has produced negative
environmental effects, of which soil erosion is considered as the most

serious environmental problem.

In traditional orchards, the SWC structures were aimed to capture or
prevent runoff in order to increase the water availability to the trees
(Ennabli, 1993). This is no longer the case in modern orchards, where the
trees are planted on a regular grid. Although this does not prevent runoff
losses, it maximises the soil volume that can be mined for water by the roots
of each tree. In locations with additional water sources, it is common to
apply extra water by means of drip irrigation (Beaufoy, 2003). The
accelerated soil erosion in modern plantations is of little concern to farmers,
in places where the orchards are located on soft rocks like marls, shales and

slates. The corresponding soils are marginal, have a low organic matter
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content, and can be easily ripped by tillage to provide a substrate for the
trees (Faulkner et al., 2003; Ofiate & Peco, 2005; Ramos & Martinez-
Casasnovas, 2006). It therefore appears that the high erosion rates do not
result in a reduction in the orchard productivity over the long term.
Nevertheless, the erosion processes produce a number of undesirable off-site
effects, like for example the siltation of reservoirs (Oostwoud Wijdenes et
al., 2000). The challenge is thus to develop new approaches to minimise the
negative effects of accelerated soil erosion in tree plantations, that are
acceptable to the different stakeholders involved. Examples of such
approaches are no-tillage techniques and the application of vegetation strips
and cover crops. The advantage of these measures is that they do not hinder
mechanisation as they are integrated in the cropping system. Recent studies
show that these measures can be economically feasible when properly
managed and adapted to local conditions (Gomez et al., 1999; Pastor, 2004;
Hernandez et al., 2005; Mygdakos et al., 2005; Bueno et al., 2007). A
potential drawback of cover crops in dry areas is that they may increase the
water requirement of the cropping system and reduce tree vigour and yield
(Ingels et al., 1998; Hartwig & Ammon, 2002). Few studies have addressed
this topic in rainfed orchards, so that little is known about the conditions and

physical thresholds for the successful implementation of cover crops.
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1.3

Objectives

This thesis addresses the dilemma of optimising water availability and

limiting soil degradation in extensive rainfed orchards on dryland marginal

soils. The research objectives are to:

1.

1.4

Quantify the water balance of the topsoil, in order to evaluate the
benefits and drawbacks of the current practice of frequent tillage in
terms of soil evaporation and water availability for the tree crop.
Investigate to what extent cropping systems of rainfed orchards are
adapted to spatial patterns of available water determined by
lithology (regional scale) and climate (Mediterranean scale), and
how these patterns influence the feasibility of cover crops.
Determine the effect of the prolonged decline of terraces and other
traditional SWC measures on hydrological connectivity and peak
discharge at the catchment scale.

Compare the water balance and productivity between an olive
cropping system with regular tillage and one that incorporates a

Cover crop.

Outline of the thesis

Chapter 2 describes some aspects of the major rainfed cropping systems

in areas with a Mediterranean climate, as well as the calculation of crop

water requirements and the concept of water use efficiency. Special attention

is paid to land management and the causes of land degradation.

Subsequently, the recent history of agricultural land use in the northern

Mediterranean (Spain, Italy, Greece and Portugal) is discussed, including the

role of climate change and European policy. The last part of Chapter 2 is

dedicated to possible solutions for land degradation, with specific attention

to vegetation measures.
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Chapter 3 consists of a detailed analysis of the water balance of rainfed
almond orchards at an annual rainfall of 300 mm. It is investigated if the
current practice of frequent tillage limits the water availability for the trees,
and if there are opportunities to decrease the evaporation from the bare soil.
The study includes the quantification of overland flow at the field scale and
its effect on the spatial variability in tree vigour. Furthermore, the water
balance study will clarify if there are any opportunities for vegetation

measures in this dry climate.

Chapter 4 deals with patterns of water availability related to differences
in lithology (soil type) and climate. The vulnerability of the orchards and the
eventual surplus water for cover crops in rainfed cropping systems strongly
depends on the amount of available water for the tree crop (Ingels et al.,
1998). Knowledge on patterns of water availability will contribute to the
identification of conditions and thresholds for the application of vegetation

measurcs.

Chapter 5 addresses the effect of the prolonged decline in terraces on
hydrological connectivity and peak discharge. The study uses a quantitative
measure of connectivity that was first introduced by Allard et al. (1994) and
Western et al. (1999). The degree of connectivity is determined for different
stages of terrace removal and failure, and as a function of storm magnitude.
Furthermore, attention is paid to the role of different types of land use on the
production of concentrated overland flow and the development of

connections between land units.
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Chapter 6 reports a field experiment in an olive grove near Sevilla, Spain,
where the annual rainfall is about 520 mm. The orchard water balance is
compared between a cover crop treatment and a management consisting of
regular tillage. This is done by means of soil moisture measurements and a
water balance model. Furthermore, the model is used to study the effect of
the length of the cover crop growing season on evaporation and soil

moisture.

The major findings of the thesis are compiled in Chapter 7, followed by a

review of topics that deserve further research.
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CHAPTER 2
OVERVIEW OF RAINFED CROPPING
SYSTEMS IN AREAS WITH A
MEDITERRANEAN CLIMATE

The content of this chapter is based on: European Commission, 2007.
Conditions for restoration & mitigation of desertified areas using vegetation
(RECONDES) - Review of literature and present knowledge. European
Commission, Brussels. ISBN: 92-79-03072-8.

2.1 Introduction

This chapter consists of a literature review on rainfed cropping systems in
areas with a Mediterranean climate. The aim is to provide a general
background of the subjects addressed in this thesis. The text is primarily
focused on the northern Mediterranean (Spain, Italy, Greece and Portugal),
but also includes some information from California in the United States of

America (USA) and other Mediterranean countries.

2.2 Cropping systems and land management

2.2.1 Crop types and cropping systems

In the northern Mediterranean, the most important crops grown under
rainfed conditions are olive, grapevine, almond, barley and wheat. This
section lists some properties of these crops and corresponding cropping
systems. Furthermore, mixed cropping systems that combine two or more

crops are illustrated. Other crops grown under rainfed conditions include
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sunflower, oats and lentils (Caballero, 2001). Information on the water
requirements of cereals, olive, almond and grapevine is provided in §2.2.2

and §2.2.4.

Olive (Olea europaea L.)

The olive is an evergreen tree with a biennial growth cycle that results in
one main harvest every two years (Ferguson et al., 1994, p. 55; Rallo &
Cuevas, 2004; Tubeileh et al., 2004). The extent of this alternate bearing is
greater when tree vigour is low, for example as a result of water and nutrient
stress (Ferguson et al., 1994, p. 55). The tree density in modern irrigated
plantations is higher than in traditional systems, because water availability in
the latter is lower and trees need to extract water from a larger soil volume to
be able to meet their water requirement (Beaufoy, 2003). Biological threats
to olive production are the olive fly (Bactrocera oleae Gmelin), other insects
and some bacteria and fungi. Detailed information on the nature and
management of pests and diseases is provided by Ferguson et al. (1994, p.
97-111), Alvarado et al. (2004), Trapero & Blanco (2004) and Tubeileh et al.
(2004). In the northern Mediterranean, 3-6% of the olive production is used
for direct consumption (table olives) and the rest is processed to oil
(Beaufoy, 2003). A wide range of olive cropping systems is present.
According to the level of inputs and management, Beaufoy (2003)
distinguishes three broad types of plantation: traditional, intensified
traditional and modern. These are described as follows (cited from Beaufoy,
2003):
= Low-input traditional plantations and scattered trees, often with ancient

trees and typically planted on terraces, which are managed with few or

no chemical inputs, but with a high labour input.
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= Intensified traditional plantations which to some extent follow traditional
patterns but are under more intensive management making systematic
use of artificial fertilisers and pesticides and with more intensive weed
control and soil management. There is a tendency to intensify further by
means of irrigation, increased tree density and mechanical harvesting.

= Intensive modern plantations of smaller tree varieties, planted at high
densities and managed under an intensive and highly mechanised
system, usually with irrigation. A second type of modern plantation uses
“bushes” in dense rows, resembling vineyards, which are almost totally

mechanised.

Almond (Prunus dulcis Miller)

In contrast to the olive, the almond tree is deciduous and does not feature
alternate bearing. The major commercial cultivars are self-unfruitful and
need cross-pollination to produce almonds (Micke, 1996, p. 98-102).
Therefore, in almond plantations it is common to alternate one row of a
major cultivar with one row of a pollinizer cultivar (Micke, 1996, p. 98-102).
Edstrom & Micke (1998), found that significantly higher yields can be
reached by alternating two cultivars within rows, emphasising the
importance of tree configuration. An overview of pests and diseases is

provided in Micke (1996).

Grapevine (Vitis vinifera L.)

A study from Roujan, southern France, suggests that the variation in
cultivation practices in vineyards consists mainly of differences in field size,
tillage and weeding method (Leonard & Andrieux, 1998). Field sizes range
from 0.1-2 ha and weeding is done during the entire growing season, from

January to July. A common weeding method consists of shallow tillage
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between the grapevine rows combined with chemical weeding of the rows
themselves. An alternative is total chemical weeding in stead of tillage
(Leonard & Andrieux, 1998). The soil surface of the vineyards is covered by
a varying amount of weeds, depending on the timing of the tillage and
chemical weeding. In the Roujan catchment, grasses covered up to 96% of
the surface of fields under no-till management, depending on soil moisture

content (Leonard & Andrieux, 1998).

Cereals

Both winter barley (Hordeum vulgare L.) and winter wheat (Triticum
aestivum L.) are cultivated in the northern Mediterranean. They are sown in
autumn and harvested before the start of the dry summer. Barley can be
grown at drier locations than wheat because it matures 2-3 weeks earlier
(Metochis & Orphanos, 1997). In this way, barley is less affected by
droughts at the end of the growing season and produces higher and more

stable yields (Metochis & Orphanos, 1997).

Cover crops

Cover crops are defined here as crops that are grown to provide soil cover
during winter and fallow periods in annual cropping systems and crops that
are grown next to the main crop to provide soil cover in perennial cropping
systems. Cover crops are often grown in cereal based cropping systems such
as cereal-legume instead of cereal-fallow rotations (Russi & Falcanelli,
1999; Christiansen et al., 2000; Diaz-Ambrona & Mingues, 2001; Denison et
al., 2004). Furthermore, literature is available on the cultivation of
leguminous forage crops like clover (77ifolium incarnatum L.) in the
Mediterranean (e.g. Russi & Falcanelli, 1999). The application of cover
crops is still rare in the Mediterranean. Diaz-Ambrona & Mingues (2001)
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report that grain legumes cover less than 3% of the cultivated land in Central
Spain. Legumes that are cultivated there are faba bean (Vicia faba L.), pea
(Pivum sativum L.) and lupin (Lupinus albus L.). In California, US, 16% of
the grapevine area is sown with cover crops (Ingels et al., 1998). Out of
eleven examples of vineyards with cover crops two involved rainfed
conditions. Furthermore, Ingels et al. (1998) provide information on a broad
selection of cover crops, including both annual and perennial legumes and
grasses. A distinction is made between species for tilled and no-till
vineyards. The application of a mixture of cover crops may have advantages
compared to one single crop (Ingels et al., 1998). For example, if the
vineyard is heterogeneous with regard to available soil moisture, one species
may grow better in the drier areas and the other in the wetter areas,
maximising the soil cover throughout the vineyard. Research by Pastor
(2004) demonstrated that it is possible to grow cover crops in rainfed olive
plantations during winter. The cover crop consisted of weeds located in
between the rows of trees, whereas the soil beneath the trees was kept bare
by chemical weeding. When this cover crop is present only during the winter
months and is removed in spring, its water use is relatively low (Pastor,
2004). The most widely used cover crops in almond plantations in California
are vetch, Blando bromegrass and clovers (Micke, 1996, p. 196-201).
Resident vegetation might be a good cover crop as well and involves less
management and lower overall costs (Micke, 1996, p. 196-201). A list of
cover crop species for use in rainfed cropping systems is provided in

Appendix 1.
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Mixed cropping systems

Some examples of mixed cropping systems are given here. These are
traditional cropping systems, that combine the cultivation of cereals and
perennial crops. In modern agriculture, these systems are becoming rare.
Instead, new agricultural fields are large and aimed at the production of a
single crop. Examples of the intensification and the economy of scale are the
modern olive and almond plantations in Spain and the practice of land
levelling in Tuscany, Italy (Clarke & Rendell, 2000; Martinez-Casanovas &
Sanchez-Bosch, 2000; Borselli et al., 2002; Ramos & Mulligan, 2005).
Traditional mixed cropping systems are the dehesa system in West Spain,
the montado system in South Portugal and the coltura mista in Italy (Joffre et
al., 1988; Ceballos & Schnabel, 1998; Pinto-Correia & Mascarenhas, 1999).
The montado features a widely spaced tree stand, some 20-80 trees ha™ and a
ground cover of arable crops like barley and wheat in rotation with fallow
and pasture (Pinto-Correia & Mascarenhas, 1999). Typical trees in such
systems are cork oak (Quercus suber L.), holm oak (Quercus rotundifolia
L.), some mountain oaks (Quercus pyrenaica Willd.), olive and sweet
chestnut (Castanea sativa Miller; Pinto-Correia & Mascarenhas, 1999). The
coltura mista combines the cultivation of olive, grapevine and cereals. The
difference with the montado is that coltura mista involves no pasture and

livestock and that the climate is more humid.

2.2.2 Crop water requirements

Crop water requirement can be defined as “The depth of water needed to
meet the water loss through evapotranspiration of a disease-free crop,
growing in large fields under non-restricting soil conditions including soil
water and fertility, and achieving full production potential under the given

growing environment” (Allen et al., 1998). While evapotranspiration is
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difficult to measure (Allen et al., 1998), a great amount of research has been
done on the measurement and estimation of crop evapotranspiration since
the 1950's. An overview of methods to measure and estimate crop
evapotranspiration is provided by Rana & Katerji (2000). These include: soil
water balance, weighing lysimeter, energy balance and Bowen ratio,
aerodynamic method, eddy covariance, sap flow method, chamber system
and Penman-Monteith method. The Penman-Monteith method is a method to
calculate evapotranspiration from climatic parameters and was adapted to
calculate crop water requirements by Doorenbos & Pruitt (1977). In 1990,
the Food and Agricultural Organisation (FAO) organised a consultation of
experts and researchers to advise on the revision of this method (Allen et al.,
1998). The revised method was named the FAO Penman-Monteith method
and is documented by Allen et al. (1998). It is the most widely applied
method for the calculation of crop water requirement and irrigation planning

in agriculture.

In literature, the crop evapotranspiration under optimal conditions is
referred to as the crop evapotranspiration under standard conditions (Allen et
al.,, 1998), the maximum crop evapotranspiration or the potential crop
evapotranspiration (Metochis & Orphanos, 1997), mostly denoted by ET..
We will use here the term potential crop evapotranspiration and notation E7
for the evapotranspiration under optimal conditions. Subsequently, we
distinguish ET, from evapotranspiration under non-optimal conditions, or
actual crop evapotranspiration, denoted by £7,. The FAO Penman-Monteith
method uses crop coefficients and a reference crop evapotranspiration (E7).
ET, is defined as the evapotranspiration of a hypothetical reference crop with
an assumed crop height of 0.12 m, a fixed surface resistance of 70 s m™ and

an albedo of 0.23 (Allen et al., 1998). ET, is expressed in units of water
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depth per unit of time, e.g. mm day’. ET, is then calculated by multiplying
ET, with a crop coefficient (K.). Hence, the crop coefficient relates ET, to
ET, for a disease free crop grown under optimal conditions in terms of water
and soil fertility (Allen et al., 1998). The K. value that should be used
depends amongst others on the crop type, crop growth stage, management
and environmental conditions. It can be determined by measuring E7 in the

field.

The most widely used methods to compute ET, are the FAO Penman-
Monteith equation, the pan evaporation method and the Hargreaves equation
(Allen et al., 1998). Because ETy is only a function of climatic parameters, it
can be computed from weather data (Allen et al., 1998). The Penman-
Monteith equation requires maximum and minimum temperature, relative
humidity, wind speed and sunshine duration or radiation. Missing humidity,
radiation and wind speed data can be estimated (Allen et al., 1998). An
alternative to calculate ET, is the pan evaporation method, which does not
need recordings of climate variables. With the evaporation pan the daily
evaporation from an open water surface is measured, which is converted to
an estimation of ET; (Allen et al., 1998). The pan should be established at a
site that closely resembles the area of study with regard to climate. Detailed
information on theory and application of these methods is provided by Allen
et al. (1998). The Hargreaves equation forms more simple method to
calculate £7, and requires only temperature data (Hargreaves & Samani,
1985). Although it is less accurate, the Hargreaves equation produces
reasonable estimates of E7 for longer time intervals like weeks and months.
It tends to underestimate £7, when wind speeds are high and to overestimate

ET, under conditions of high relative humidity (Allen et al., 1998). The
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equation has been shown to be robust in Mediterranean environments with

low wind speeds (Orgaz & Fereres, 2004).

2.2.3 Water use efficiency and water harvesting

The water use efficiency (WUE) of a cropping system can be defined as
the amount of biomass, dry matter or harvestable product that is produced
per unit of water applied (kg mm™ ha'; Lovenstein et al., 1995; Lopez &
Arrte, 1997; Cantero-Martinez et al., 2003). At the plant level, one can
define a similar parameter called the transpiration efficiency. This is the
mass of dry matter produced per unit of water transpired (Lovenstein et al.,
1995). The WUE is mostly used to indicate and compare the performance of
cropping systems in terms of water use for the entire growing season (e.g.
Lopez & Arrue, 1997; Cantero-Martinez et al., 2003). In the case of irrigated
crops the WUE incorporates the efficiency of the irrigation method used. In
some cases, a different management can increase the WUE of a cropping
system. An example is the application of drip- instead of flood-irrigation
(e.g. Beede & Goldhamer, 1994). For rainfed cropping systems, an increased
WUE may enable successful cultivation under drier climatic conditions. A
broader picture on WUE is provided by Wallace (2000), who indicates the
importance of WUE for world food production in the future and considers

the potential to improve WUE.

Water harvesting methods aim to maximise WUE under rainfed
conditions. There is a great variety of traditional and modern water
harvesting methods. Some techniques are based on the direct redistribution
of runoff water during storms. For example in Tunisia, one traditional
method on sloping fields is to leave the upper part of the slope bare and to

cultivate crops on the lower part. The runoff generated on the upper part is
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directly routed to the crop on the lower slope, and retained by small dikes
(Ennabli, 1993). The routing of runoff to the crop is a common element of
many traditional techniques (Ennabli, 1993). An alternative is to collect
runoff in tanks, cellars and reservoirs (Ennabli, 1993; Van Wesemael et al.,
1998; Yuan et al., 2003). The advantage of storage is that the application of
the water can be timed according to the specific requirements of the crop. In
some traditional cropping systems, trees are deliberately planted at points of
runoff concentration, for example at the foot of the slope or at the upslope
side of bench terraces and retention ditches. This occurs for example in
south-east Spain, as illustrated on an aerial photo in Van Wesemael et al.

(2003).

For perennial crops, a method to maximise production is to adapt the crop
spacing to the local climate (Tubeileh et al., 2004). The roots of trees like
almond and olive are able to mine the soil around their trunk. If the climate
is drier and water availability lower, individual trees need a greater volume
of soil to meet their water requirement. Hence, at sites with lower water
availability, the trees need to be spaced further apart for optimal production.
This explains the rationale behind traditional tree arrangements, with up to
24 m of bare soil between rows of trees, as still present in Tunisia (Ennabli,
1993). The relation between climate and tree spacing is addressed in more

detail in Chapter 4.

When cover crops are applied, the optimal tree configuration may be
different and may have to be adapted. If cover crops prove to use a part of
the water that had otherwise been available to the trees, the tree density will
have to be lowered to remain optimal. This could be studied by quantifying

the components of the water balance of the cropping system.
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Another way to increase water availability and water use efficiency is to
apply a mulch. The aim of the mulch is to reduce the soil evaporation. There
are many materials that can be used for mulching, including crop residues,
straw (Mellouli et al., 2000), stones (Groenevelt et al., 1989; Gale et al.,
1993; Li, 2003) and olive mill effluent (Mellouli et al., 2000). The effect of
mulching on crop growth conditions and production is illustrated here for
gravel-sand mulches. The labour requirements to establish a gravel-sand
mulch are relatively high, but it may last up to 60 years (Li, 2003). The
elaborate study of Li (2003), showed the following effects of the mulch on
conditions for plant growth compared to the bare soil (> 65% silt): the soil
moisture between 20 and 60 cm depth was higher; runoff was lower;
evaporation was lower, soil temperature fluctuations were smaller; soil
temperature was up to 5 °C higher, and advantage in areas prone to early-
season frost; great reduction of wind erosion; higher activity of micro
organisms. The magnitude of these effects decreased with the age of the
mulch. Accordingly, the grain yield of spring wheat was 2500, 1700 and
1149 kg ha™" for respectively 3, 9 and 50 year old fields. The yield on a field
without mulch was 600 kg ha™ (Li, 2003).

2.2.4 Water requirement and water use efficiency of some
crops in the Mediterranean

Winter barley (Hordeum vulgare L.) and wheat (Triticum aestivum L.)
are the most widely grown cereals in the Mediterranean region. Wheat
occurs in the northern parts, whereas barely dominates the drier areas with
an annual rainfall of less than about 500 mm (Loépez & Arrte, 1997;
Metochis & Orphanos, 1997; Cantero-Martinez et al., 2003). In Syria, the

water requirement throughout the growing season of four bread wheat
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cultivars was reported to range from 390 to 485 mm for optimal production,
whereas the measured E7, under rainfed conditions was 246 to 328 mm
(Oweis et al., 2000). In the central plain of Cyprus a 13-year experiment was
conducted on barley by Metochis & Orphanos (1997). They observed a
water requirement of about 240 mm for optimal crop growth. For the
estimation of ET,, K, values for barley and wheat are provided by e.g. Allen
et al. (1998) and Metochis & Orphanos (1997).

In northern Spain, barley is traditionally grown in a barley-fallow rotation
in areas with less than 500 mm of annual rainfall. At higher rainfall rates
annual cropping is practised (Lopez & Arrte, 1997). In the barley-fallow
rotation, the soil is kept bare from weeds during fallow by regular tillage.
The aim of the fallow year is to reach an as high as possible soil moisture
content at the start of the next growing season. Austin et al. (1998) estimated
that in northern Spain the yield of barley in rotation with a fallow year is
15% higher compared to rotation with another crop. Nevertheless, they
conclude that despite the higher yield, the barley-fallow rotation is
uneconomic compared to annual cropping. Furthermore, Lopez & Arrte
(1997) stated that a fallow year is an inefficient practice for improving soil
water storage and subsequent crop yield. Lampurlanés et al. (2002) studied
the effects of different tillage regimes on the soil water content during
fallow. The subsoil, minimum and no-tillage treatments did not produce
significant differences in soil water storage. Results of Agenbag & Maree
(1991) show a somewhat higher soil water content for no-tillage compared to
mouldboard and tine tillage. This did not affect barley yields, except for dry
years, where yields where higher for the no-tillage treatment (Agenbag &
Maree, 1991). For example Lopez et al. (2003), argue that no-tillage is the

preferable management option to minimise soil loss by wind and water
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erosion. It provides soil cover by crop residues outside the growing season

(Lopez et al., 2003).

When considering cereal cultivation in semi-arid areas, some studies
highlight the influence of nitrogen fertilisation and tillage practice on the
WUE. Lopez & Arrue (1997) found that WUE and yields are significantly
lower in no-tillage systems compared to conventional and reduced tillage.
Therefore, only reduced tillage would be an alternative to conventional
tillage, maintaining yields at an acceptable level. Both studies on barley and
wheat show a positive relation between N-fertilisation and WUE (Oweis et
al., 2000; Cantero-Martinez et al., 2003). This is directly related to the
increased grain yield with N-application. Simpson & Siddique (1994)
studied the effect of soil texture on yield and WUE of barley and wheat in
western Australia. They observed average WUE values based on grain yield
of 11 kg ha mm™ for barley and 9 kg ha” mm™ for wheat. The cumulative
ET, for the entire growing season was respectively 236 and 253 mm
(Simpson & Siddique, 1994). In the Ebro valley in the northeast of Spain,
Cantero-Martinez et al. (2003) compared the WUE of barley on three sites
with different climate. They observed a WUE based on grain yield of 5 kg
ha™ mm™ on the driest site (annual rainfall 352 mm) and 11 kg ha mm™ on

the wetter site (annual rainfall 475 mm).

Olive, almond and grapevine

For perennial crops the E7. and K. are often site specific and
generalisations are more difficult than for annual crops. For different
combinations of crop cover and age, crop spacing, presence of bare soil,
presence of cover crops and specific crop management, £7, and the K. value

will be different (e.g. Tubeileh et al., 2004). In the Mediterranean, there is a
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large variety in cropping systems (Beaufoy, 2003; Navarro & Parra, 2004).
One approach to estimate E7, for different situations is to adjust the K. based
on site-specific information (Allen et al., 1998). For example, ET, can be
multiplied by a reduction coefficient (K;), which represents the effect of the
fraction of the orchard floor covered by crop canopy (Palomo et al., 2002;
Orgaz & Fereres, 2004). In this case, ET, is related to £7, by both K, and K;
(Palomo et al., 2002; Orgaz & Fereres, 2004). It should be noted that the K.
used in combination with K, is not the same as the K, of the approach of
Allen et al. (1998) and will have different values. Some alternative, model-
based methods to determine the actual crop evapotranspiration of perennial
crops are presented by Sene (1996), Trambouze & Voltz (2001) and
Villalobos et al. (2000). They require the measurement of parameters that are
not readily available from weather stations. Still other parameters have to be

estimated and the models require calibration.

In general, for perennial crops a limited amount of knowledge exists on
the effect of various tillage regimes on water availability and yield. Gémez
et al. (1999) observed no significant overall difference in olive yield with no-
tillage compared to conventional tillage. During the 15-year study in
Cordoba, Spain, only in one very dry year a significantly higher yield was
obtained for the no-tillage treatment (Gomez et al., 1999).

An overview is now given of data related to the water requirement of
olive, almond and grapevine that was encountered in literature. For olive,
information on crop coefficients is scarce (Villalobos et al., 2000; Palomo et
al., 2002). Nevertheless, in total nine sources were encountered that provide
figures of K, and or evapotranspiration. K, values reported for the K. & K,

approach range from 0.45 to 0.75 (Orgaz & Fereres, 2004; Tubeileh et al.,
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2004). These figures are from orchards with a bare soil. It should be noted
that the K. changes during the year, being relatively high in spring and
autumn and low in summer (Orgaz & Fereres, 2004). When using K. only,
the reported K. values range from 0.55 to 0.75 for orchards without cover
crops (Beede & Goldhamer, 1994; Allen et al., 1998; Villalobos et al.,
2000). For orchards with cover crops, Beede & Goldhamer (1994) list values
between 0.95 and 1.05. Figures of ET. and ET, were encountered in six
sources (Beede & Goldhamer, 1994; Villalobos et al., 2000; Palomo et al.,
2002; Moriana et al., 2003; Nuberg & Yunusa, 2003; Tubeileh et al., 2004).
Villalobos et al. (2000) reported an ET, of 855 and 758 mm a' for
respectively an intensive and a traditional olive plantation in Cordoba, Spain.
For rainfed orchards in south-west Spain, at an £7; of 1420 mm a’', Moriana
et al. (2003) observed an ET, of 508 mm a™' and Palomo et al. (2002) an ET,

of 378 mma’.

For almond, Goldhamer (1996) provides K. and ET, values for the San
Joaquin Valley, California, US. They are valid for orchards with a tree
spacing of 6.7 by 7.3 m with a bare soil. The long term average ET, in the
area is 991 mm during the almond growing season, which is from 15 March
to 16 November. The K, value increases from 0.54 in March to 0.94 in July
and August. From September to November it decreases to 0.70. This change
throughout the year is related to the growth and senescence of the leaves
(Goldhamer, 1996). Romero et al. (2004) used K, values of 0.22 to 0.61 in a
three-year experiment in Murcia, Spain, with a tree spacing of 7 by 5 m. The
plantation probably had a bare soil, although the authors do not explicitly
mention that, and yearly E7, ranged between 1099 and 1281 mm. Allen et al.
(1998) list K. values from 0.40 to 0.90 for almond plantations with a bare

soil, depending on crop growth stage within the year. In Sfax, Tunisia,
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Ghrab et al. (2002) compared the performance and yield of 24 almond
cultivars in rainfed conditions during a 5-year experiment with an average

annual rainfall of 250 mm.

Due to time constraints, less information was gathered on grapevine than
on olive and almond. Accordingly, the data provided here only give an
impression and do not incorporate all recent literature on the water
requirement of grapevine. Allen et al. (1998), list K, values of 0.30 to 0.70
for wine grapevine and 0.30 to 0.85 for table grapevine. Trambouze & Voltz
(2001) measured the daily transpiration rate of a grapevine crop in Southern

France, from about 3 mm day in July to 1 mm day in August (Fig. 2.1).
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Figure 2.1. Field measurements of (a) potential transpiration, (b) actual field
transpiration and (c) soil water storage of a grapevine crop in south France,
during the summers of 1994 (open symbols) and 1995 (closed symbols). The
vertical bars represent 95% confidence intervals. Source: Trambouze &
Voltz, 2001.

The literature on perennial cropping systems does not provide much

information on their WUE. A reason might be that WUE values based on
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only a few years of harvest data are not considered very useful because of
the large yield fluctuations between years. For almond, three sources did
report yield data that could easily be converted to WUE figures. Two year of
harvest data of a study by Romero et al. (2004) in Murcia, Spain, show a
WUE based on kernel yield of 1.58 kg ha™ mm™ for a fully irrigated almond
grove with 13-year-old trees. In another treatment, they applied a deficit
irrigation equal to 20% of the calculated ET, during the kernel-filling period
from June to August. The WUE of this treatment was 1.71 kg ha mm™.
Godini & Palasciano (1998) studied the growth of ten almond cultivars in a
13-year trial near Bari, Italy. The trees were grown under rainfed conditions
and were 5 years old at the start of the experiment. The average WUE based
on kernel yield of all cultivars from 1984 to 1994 was 0.47 kg ha” mm™'. The
highest yielding cultivar was Genco, with a WUE of 0.71 kg ha” mm™and
the lowest yielding was Nonpareil with a WUE of 0.22 kg ha” mm™. Yield
data from Ghrab et al. (2002) could not be converted to per hectare WUE
figures. The experiment in Sfax, Tunisia involved 24 cultivars grown under
rainfed conditions. Average annual yields based on five years ranged from
3.8 kg tree”’ for Tunisian cultivars to 9.7 kg tree” for Spanish and Italian

cultivars.

Some information on methods to increase the WUE of perennial crops is
provided by Tubeileh et al. (2004) and Romero et al. (2004). For example,
regulated deficit irrigation may increase the WUE in tree plantations in

marginal rainfed conditions (Romero et al., 2004; Tubeileh et al., 2004).
2.2.5 Land management

The land and soil management on rainfed croplands is determined by

individual farmers and land owners (Beaufoy, 2003). Two forms of land
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management can be distinguished: annual soil management and reshaping of
the land, e.g. construction of terraces, land levelling. The annual
management of cropping systems depends on crop type, soil type and
weather (Beaufoy, 2003). The perennial cropping systems of olive, almond
and grapevine may involve tillage of the soil. The aim is to prevent weeds to
compete with the main crop and to minimise water loss through transpiration
by weeds and soil evaporation (Poesen et al., 1997; De Luna et al., 2000;
Beaufoy, 2003; Tubeileh et al., 2004; Pastor, 2004). Tillage tools mentioned
in literature are cultivator, tine-harrow, disk-harrow, rotovator, duckfoot
chisel and mouldboard plough (Poesen et al., 1997; De Graaff & Eppink,
1999; Beaufoy, 2003; Pastor, 2004). The number of tillage passes per year
varies from one to two in extensive orchards to five in intensive systems
(Poesen et al., 1997; Beaufoy, 2003). In the case of high rainfall, more
weeds grow and more tillage is required to keep the soil bare (Beaufoy,
2003). In literature, contour tillage is preferred to tillage up and down the
slope. The latter is still practiced, especially in vineyards (Poesen et al.,
1997). The control of weeds without tillage is possible with herbicides,
which are used since the 1960s (De Graaff & Eppink, 1999; Gémez et al.,
1999; Beaufoy, 2003). Additional roles of tillage in annual cropping systems
are the preparation of the seedbed and the incorporation of crop residues
after harvest (Diaz-Ambrona & Minguez, 2001). During a fallow year,
weeds may be cleared two to four times by harrowing, as reported for the
Ebro valley in Spain (Lampurlanés et al., 2002). The equipment mentioned
in literature with respect to annual cropping systems consists of mouldboard
plough, chisel plough, disc plough, tined cultivator, disc harrow and spike-
toothed harrow (Pala et al., 2000; Mas & Verdd, 2003). Land management
may also consist of actual reshaping of the land, e.g. the levelling of slopes,

creation of terraces or the clearance of land for new tree plantations. At
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present, there is a trend in Italy and Spain to increase the size of agricultural
fields (Clarke & Rendell, 2000; Martinez-Casanovas & Sanchez-Bosch,
2000; Borselli et al., 2002; Torri et al., 2002; Ramos & Mulligan, 2005).
Slopes are levelled and terraces removed by bulldozer. This has large

consequences in terms of soil properties and erosion.

2.2.6 Land degradation processes

The land degradation associated with dryland agriculture in the
Mediterranean is directly related to land management. When the soil is kept
bare, rain events may result in considerable soil erosion. This is the case
when tillage and land levelling are practiced (e.g. Borselli et al., 2002; Torri
et al., 2002; Borselli et al., 2006; Van Oost & Govers, 2006). Typically, bare
soils do occur in olive and almond plantations where clean sweeping (i.e.
frequent shallow tillage) is practiced to remove weeds, during fallow periods
between harvest and sowing of annual crops and during fallow years that
involve clean sweeping. The process that results in soil redistribution on
slopes is referred to as tillage erosion (Revel et al., 1989; Lindstrom, 1992;
Poesen et al., 1997; Van Oost & Govers, 2006). Kinetic sieving induced by
tillage results in the concentration of stones at the soil surface, and a
distribution of rock fragment cover that is strongly related to topography
(Poesen et al., 1997; Oostwoud Wijdenes et al., 1997). Rock fragments and
fine earth are transported from the convex hilltops over the slopes and
deposited at the edges of concavities. The floor of narrow valleys becomes
completely covered by these stony deposits. Such tillage-induced patterns of
rock fragment cover and soil depth have specific repercussions in terms of
hydrologic and degradation processes (Poesen et al., 1997) as well as plant
and tree growth (Van Wesemael et al., 2000). Poesen et al. (1997)

demonstrate that the soil loss by frequent contour tillage of stony soils can
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amount to 31 Mg ha™ a' for a field on a 50 m long slope of 20% (Poesen et
al., 1997). De Alba (2003) performed a model study for a field with a 54 m
long slope and gradients between 17 and 40%. The result showed a net soil
loss on 59% of the slope surface at an average rate of 16.7 Mg ha™' for one
contour tillage pass. In terms of cropping systems, the highest erosion rates
are associated with olive and almond plantations and vineyards (Beaufoy,
2003; Martinez-Casanovas & Sanchez-Bosch, 2000). For instance Faulkner
et al. (2003) illustrate the erosion risk associated with large scale clearance
of soils for tree plantations in Almeria, Spain. Oostwoud Wijdenes et al.
(2000) found that the most active gullies in south-east Spain are incised in
almond and wheat fields on marls. They hypothesised that this is due to
higher runoff and soil erodibility on cultivated fields. Another process
associated with soil erosion in abandoned fields is the collapse of terrace

walls (Ruecker et al., 1998).
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2.3 Agricultural land use since 1960

2.3.1 Extent and crop yields

From 1961 to 2001 there has been an overall decrease in agricultural land
from 66 to 57% in Spain, Italy, Greece and Portugal. The area of arable land
decreased by 25% whereas the area of perennial crops increased with 11%
(FAOSTAT data, 2004). For the period 1930-1993, Debussche et al. (1999)
observed an increase in woodland cover and tree height and a decrease in
cropland and rangeland in southern France. Likewise, Taillefumier and
Piégay (2003) reported an increase in bush and forest cover at the expense of

formerly agricultural and pastoral land in southern France.

In Spain, from 1961 to 2001 the area with cereals decreased by 7%
whereas cereal yields increased from about 1 to 3 Mg ha™ a™ (Fig. 2.2). The
yields increased gradually over the entire period. Probably this can be
explained by the mechanisation and intensification of agriculture during that
period as well as the development of more productive cultivars. Compared to
northern Europe the cereal yields in Mediterranecan countries remain
relatively low. According to Olesen & Bindi (2002) this is the result of the
limited water availability, heat stress and the short duration of the grain

filling-period.
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Figure 2.2. Development of yields and harvested area of some crops in Spain
(FAOSTAT data, 2004). The term "cereals" stands for the aggregate of all
cereals, like wheat, barley, oat, rye, etc. The olive data series are only
available from 1981 onwards.

Between 1961 and 2003 olive and grapevine showed yield increases of
more than 100% while almond yields decreased by 50% (Fig. 2.2). For
explanation of these figures, some of the developments and properties of
those cropping systems are discussed below. This involves changes in for
example technology, irrigation practices, climate, farm size and policy. The
data of Figure 2.2 represent the average for the whole of Spain. It should be
noted that there is actually a considerable spatial variability in yields, which

stems for example from the gradient in rainfall from north to south.
2.3.2 Intensification

The intensification and mechanisation of agriculture has been an

important development since the 1950's. Accordingly, the subject of
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intensification and extensification has been identified as an important topic
for model studies on agricultural land use change (e.g. Lambin et al., 2004).
A recent example is the intensification of the olive production in Spain, after
it joined the EU in 1986 (De Graaff & Eppink, 1999). The Common
Agricultural Policy (CAP) of the European Union (EU) was identified as the
major cause for this intensification (De Graaff & Eppink, 1999; Beaufoy,
2003). An example of the mechanisation of Mediterranean agriculture is the
practice of land levelling. Heavy machinery is used to create large
agricultural fields on unstable slopes and in badlands (Borselli et al., 2002;
Borselli et al., 2006). The associated soil loss and off-site effects can be
considerable, especially during rains just after the levelling (Borselli et al.,

2002).

2.3.3 The role of EU policies

Changes in Mediterranean agriculture have been induced by the CAP
(Olesen & Bindi, 2002). Among its goals are “a fair standard of living and
income stability for the agricultural community”, “a competitive agricultural
sector” and “production methods that support environmentally friendly,
quality products that the public wants” (EU, 2002). The policy instruments
used by the CAP to implement the EU-vision on agriculture consist of
subsidies and price control and policy to develop “less-favoured agricultural
areas” (De Graaff & Eppink, 1999). Historically, the CAP was introduced to
stimulate the agricultural production (EC, 2007). This has been its main
purpose up to the 1980s, leading to permanent surpluses of some major farm
commodities. Since the 1990s, the CAP subsidies have been reduced. The
CAP reform of 1992 decreased intervention prices by one third and

introduced area payments, including set-aside schemes (Olesen & Bindi,

2002). Another reform has come into effect since 2005, in which the
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subsidies are no longer proportional to production, but are awarded in the
form of "single farm payments", which are meant to provide some level of
income stability to farmers (EC, 2007). Topp & Mitchell (2003) argue that
the CAP has a complex impact. A change in CAP has effects at various
scales, e.g. the farm, field and landscape level. Also a policy change will
result in a redistribution of support to the rural community that in turn will

change land use and land use patterns (Topp & Mitchell, 2003).

2.3.4 EU policy and olive production

The effect of the CAP on agriculture and its environmental impact is
illustrated here for olive production in Spain. From 1966 to 1998, small
farmers producing less than 500 kg of olive oil per year received a support
payment based on tree numbers and historic yields in the district (note that
Spain joined the EU in 1986). This provision was found to be impractical
due to a lack of reliable data in the olive sector and problems of fraud (EC,
2002). The CAP support for olive oil was therefore reformed in 1998, so that
the subsidy was directly coupled to production for all producers. Effectively,
the EU subsidies during the 1990s amounted to 50% of the actual sales value
of olive oil, which is close to the production cost in rainfed plantations (De
Graaff & Eppink, 1999). From 1992 to 2003, the olive production in Spain
increased about 80% from 3075 to 5650 Gt a”' (FAOSTAT data, 2004). The
yield per hectare increased about 50% (Fig. 2.2). This points to a strong
intensification of the olive cropping systems. A negative aspect of that
intensification is the high soil erosion rate associated with intensified
traditional plantations (De Graaff & Eppink, 1999; Beaufoy, 2003), and with
the clearance of natural vegetation on dispersive soils for the expansion of
olive groves (Faulkner et al., 2003). The frequent tillage practiced can lead
to both water and tillage erosion. (e.g. Van Wesemael et al., 2000; Beaufoy,
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2003). The major threat of the high erosion rates observed is the loss of
topsoil and biological productivity of the land. In Spain, already 20% of the
olive plantations are reported to have lost the upper soil horizon (Lopez
Cuervo, 1990 cited in Beaufoy, 2003), indicating the unsustainability of
specific forms of this land use. It can be concluded that the production
support of the CAP has rewarded intensification and expansion of olive oil
production and has produced negative environmental effects (Beaufoy,
2003). The effects of the CAP reform of 2005 (§2.3.3) are not yet clear,

because the transition period lasts several years.

2.3.5 Effects of climate change

Climate change studies indicate higher temperatures and less and more
variable rainfall in the Mediterranean (Olesen & Bindi, 2002). The
temperature increase between 1990 and 2090 is projected to be 3-4 °C in the
Mediterranean Basin (IPCC, 2007; SRES scenario Al1B). Higher
temperatures reduce the length of the growing season of annual crops and
their yield. Climate models project that the precipitation in the
Mediterranean during the summer months (June to August) may decrease by
20% between the year 2000 and 2100 (IPCC, 2007; SRES scenario A1B).
For the winter months (December to February), there is a disagreement
between climate models with respect to precipitation changes in the northern
half of the Mediterranean region. For the southern half (north Africa), the
winter precipitation is expected to decrease by 10% or more (IPCC, 2007;
SRES scenario A1B).

Higher CO, concentrations will increase yields and the water, nitrogen

and radiation use efficiency of the crop (Olesen & Bindi, 2002). For wheat

the water use efficiency has been found to increase about 50 to 60% and the
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yield by 28% for a doubling of the current CO, concentration (Downing et
al., 2000, cited in Olesen & Bindi, 2002). The combined effect of CO,,
temperature and precipitation changes on Mediterranean wheat yields is not
clear. Nevertheless, the trend of a decrease in cereal cultivation and increase
of perennial crops is expected to continue. The reason is that cereal yields in
the Mediterranean are less than 50% of those in Western Europe, reaching
about 2.7 Mg ha'! a (Olesen & Bindi, 2002). Therefore, in general, the
Mediterranean cereal production is not cost efficient enough to be able to
compete with other producers on the EU and world market. For example
Pinto-Correia (2000) reports a decline in market-oriented cereal production

in the traditional montado system in Portugal.

Rosato & Giupponi (2003) discussed the consequences and impacts of
climate change in Mediterranean agriculture and considered possible
adaptations. They proposed a method for the downscaling of global change
models to regional and local land use scenarios, integrating socio-economics
in climate change scenarios. Ewert et al. (2005) and Rounsevell et al. (2005)
developed future scenarios of European agricultural land use for the years
2020, 2050 and 2080. The scenarios were based on storylines from the [PCC
Special Report on Emission Scenarios (SRES) (Naki¢enovi¢ et al., 2000).
The SRES storylines represent sets of different demographic, social,
economic, technological and environmental developments. The four
scenarios considered by Rounsevell et al. (2005) were coded A1FL, B1, A2
and B1. This is a distinction between more economically (A) and more
environmentally and equity (B) orientated futures, as well as more globally
(1) and more regionally (2) oriented developments (Nakicenovi¢ et al.,

2000). The code FI stands for fossil fuel intensive. See Rounsevell et al.
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(2005) and Ewert et al. (2005) for detailed information on the scenario

development.

Rounsevell et al. (2005) calculated the future distribution of cropland
(arable and permanent crops for food and fibre production) and grassland
areas with a supply / demand model. With the parameterisation used,
cropland and grassland areas decline by as much as 50% from 2000 to 2080.
The decrease is considerably larger for the A1FI and A2 scenarios then for
B1 and B2. The decline in grassland is even greater, except for the Bl
scenario. When considering regional differences within the EU, the countries
bordering the Mediterranean show a larger decrease of agricultural land use
than central and northern Europe. This is especially true for the A1FI and A2
scenarios, because large parts of these countries belong to the less favoured
areas of the EU in terms of agricultural productivity (Rounsevell et al.,

2005).

Ewert et al. (2005) estimated the change in crop productivity in the EU
for the scenarios outlined above. They applied a simple statistical approach
to project an analysis of historic yield trends of wheat (Triticum eastivum L.)
into the future. The model used included the effect of climate change,
increasing CO, concentrations and technology development. By 2080, Ewert
et al. (2005) estimated a yield increase of 40 to 160% for the different
scenarios. The increase was considerably higher for the A1FI and A2

scenario than for B1 and B2.
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2.4 Mitigation of land degradation

2.41 Policy and guidelines

At present, a European policy on soil protection is being developed. From
EU communication COM/2002/0179 (EU, 2002), it appears that the policy
on soil protection will be incorporated in the CAP, transport policy and some
other related policies. The communication mentions opportunities for soil
protection within the CAP, being support for conservation tillage, the
maintenance of terraces, integrated crop management, organic farming,

lower stocking density and the use of certified compost.

It can be argued that plans to reduce soil erosion should be made locally
at the landscape level and should consider complete catchments or sub-
catchments in order to be effective. For example in Belgium, the regional
policy on soil erosion is aimed at local authorities through subsidies for local
erosion control plans (AMINAL, 2002a, 2002b). Another example of
mitigating land degradation at the local scale is the cooperation between
farmers in Australia, organised in so called land care groups and involving

government support (Campbell, 1994).

A brochure of AMINAL (2002¢) forms an example of erosion control
guidelines. It includes a description of specific erosion control measures as
well as their use and application. The brochure presents measures at both the
field and landscape level. It seems that the scientific literature is more
focussed on the effect of specific conservation measures and provides few
general guidelines. One brochure concerning the application of vegetation
measures against soil erosion in semi-arid environments is provided by

RECONDES (2007).
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2.4.2 Mitigation techniques

Land degradation in agricultural areas should be addressed by a change in
cultivation practices and agricultural policy. For the mitigation of soil
erosion there are several possibilities, including the construction of
conservation structures such as terraces and retention dams (Morgan, 1995),
no-tillage soil management (Lopez & Arrte, 1997), the use of cover crops
(Ingels et al., 1998) and the restriction of agriculture in areas with steep
slopes. The use of conservation structures has been widely studied during the
past decades (see e.g. Hudson, 1985; Morgan, 1995). More recently,
attention has been paid to no-tillage soil management and the application of

COVCET Crops.

The effects of no-tillage and minimal tillage on erosion processes, soil
quality and crop yields have mostly been investigated for annual cropping
systems. Some studies that compared conventional and no-tillage point to
equal or higher barley yields with no-tillage (Arshad & Gill, 1997; Cantero-
Martinez et al., 2003) and wheat (Agenbag & Maree, 1991; Arshad & Gill,
1997). Just one study was encountered that reports the effect of no-tillage on
the yield of a perennial crop. Gomez et al. (1999) observed no significant
yield differences during a 15-year trial in an olive orchard in South Spain.
The lack of data on perennial crops may be due to the large interannual yield
variability of crops like almond and olive and hence the need for long-term
records to come to proper conclusions. It is still unclear under which
conditions no-tillage leads to an overall decrease in soil erosion. In semi-arid
cropping systems, no-tillage requires chemical weeding (i.e. application of
herbicides) to prevent weeds to compete for water with the main crop. A

drawback of chemical weeding is the risk of pollution of ground and surface
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water (Lennartz et al., 1997; Cheema & Khaliq, 2000; Landry et al., 2005).
Depending on the type and quantity of herbicides applied as well as other
local conditions, chemical weeding may be unsustainable. This has for
example been the case in Burgundy, France, where drinking water reservoirs

have been contaminated with herbicides from vineyards (Landry et al.,
2005).

In perennial cropping systems more runoff may be produced under no-
tillage than under conventional tillage because of the low soil cover. For
example Gomez et al. (2004) measured an increase of soil erosion by water
in no-tillage plots in olive orchards. Further investigations are required to
find out under which conditions the absence of tillage erosion outweighs the
increase in runoff and water erosion. The lowest erosion rates measured by
Gomez et al. (2004) were on an orchard floor covered with grass. Little
literature is available on the economical differences between systems with
no-tillage and conventional tillage in terms of gross margin and profitability.
Besides possible yield differences no-tillage may require less operations but

includes herbicide costs.

The application of cover crops has a number of advantages relative to no-
tillage with herbicides. There is no risk of increased erosion because of a
bare soil and no risk of herbicide loss through runoff. In addition, the cover
crop will reduce the speed of the runoff and enhance infiltration (Ingels et
al., 1998; Pastor, 2004). So far few studies have been conducted on the use
of cover crops to mitigate land degradation in semi-arid areas, especially in
perennial cropping systems. The remainder of this chapter focuses

specifically on that topic.
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2.4.3 Vegetation treatments and effects

Possible vegetation treatments to mitigate soil erosion are the application
of cover crops and grass- and vegetation strips (e.g. Ingels et al., 1998;
Fiener & Auerswald, 2005). Vegetation strips are applied in perennial
cropping systems, either in the traffic lane or in the planting line, below the
main crop. Cover crops are grown throughout the field and are applied in
both annual and perennial cropping systems. More details about the
cultivation of cover crops and an overview of cover crop species are

provided in §2.2.1 and Appendix 1.

The soil cover provided by vegetation measures protects the soil against
splash erosion. The roots increase the resistance of the soil against erosive
forces and improve the soil structure (De Baets et al., 2006, 2007). When
overland flow occurs, the vegetation stems reduce the flow speed: less soil
material is lost and more water infiltrates into the soil (e.g. Ingels et al.,
1998; Fiener & Auerswald, 2005). The vegetation litter is decomposed to
soil organic matter and humus, which increase the water retention capacity
of the soil (Koorevaar et al., 1983). In the case of leguminous cover crops,
nitrogen is fixed in the soil (Ingels et al., 1998; Wortmann et al., 2000;
Christiansen et al., 2000). Soils covered with vegetation support higher
microbiological activity than bare soils (Ingels et al., 1998). Fields that
receive organic inputs like cover crop residues have larger and more active
microbiological populations (Ingels et al., 1998). The residues of leguminous
cover crops are one of the best food substrates for earthworms (Ingels et al.,
1998). In vineyards, it has been found that cover crops reduce leathopper
(Cicadellidae spp.) densities. However, because of large seasonal variations
in leathopper numbers, cover cropping cannot be relied on for leathopper

control. The cover cropping did not affect total numbers of spiders, which
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are the most common predators for leathoppers in vineyards. Furthermore,
Ingels et al. (1998) note that few formal studies have been conducted on the

effect of cover crops on moth pests, mealy bugs and mites.

An important research question is how the implementation of cover crops
affects the production of main crops. Denison et al. (2004), provide figures
on the yield of winter wheat in rotation with a fallow year or winter legume
cover crop. Based on six year harvest data, it appeared that the wheat
production was significantly higher (17%) for the wheat-fallow than for the
wheat-legume rotation. This study was located at California, US and
involved deep silt loam to silty clay loam soils. Comparable results for
barley are provided by a study of Diaz-Ambrona & Mingues (2001). Austin
et al. (1998) estimated a yield increase of 15% for barley after a fallow year
compared to continuous cropping, as caused by the somewhat higher soil
water content at the start of the growing season after fallow. One
contradictory finding is that of Christiansen et al. (2000): in Northwest Syria
barley yields were somewhat higher in a barley-legume rotation. Overall, the
cereal yield differences between rotations with fallow or legume are
moderate to small. Diaz-Ambrona & Mingues (2001) point out that cereal-
legume rotations might be valuable because they reduce the amount of
fertilizer needed and offer an alternative way to control weeds. Finally, it can
be stated that literature on the effect of cover crops on the production of

olive, almond and grapevine is scarce.
2.4.4 Conditions and thresholds for vegetation

This section aims to illustrate the physical conditions relevant to plant

growth in Mediterranean rainfed cropping systems. It focuses on some of the
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conditions that have to be met when applying vegetation measures against

erosion.

Soil properties in the Mediterranean are heterogeneous. Also the annual
rainfall depth varies considerably, e.g. from less than 300 mm in south-east
Spain to more than 600 mm in the south of France and on the hills of
Tuscany, Italy. For this reason, the plants used to mitigate erosion should be
selected on a case by case basis. Patterns of soil properties related to
topography are important with regard to plant growth, since they determine
the spatial distribution of available water. Much research on this topic has
been done. Van Wesemael et al. (2000) studied the effect of tillage induced
patterns of rock fragment content and soil depth on water balance and tree
growth in south-east Spain. It appeared that in cultivated almond plantations
soils were deeper and rock fragment content was higher than on slopes under
matorral (matorral is a type of shrubland in regions with a Mediterranean
climate). A positive relation was found between soil depth and the stem
diameter of young almond trees to a maximum of 35 cm soil depth. Soils
were deeper in the valleys and showed higher rock fragment cover than on
hilltops, resulting in respectively a more stable moisture regime and higher
water content (Van Wesemael et al., 2000). Van Wesemael et al. (2003)
showed the difference in water redistribution and compared water harvesting
strategies in marl and stony slate soils in south-east Spain. On the slates,
trees are planted on a regular grid, and the soil management aims at a rapid
infiltration of rain into the soil to minimise evaporation. In the traditional
system on the marls, trees are planted on the upslope side of retention dams,
and rely on the lateral redistribution of runoff and soil moisture (Van

Wesemael et al., 2003).
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Another aspect of soil moisture is its distribution in time. Western et al.
(1998 & 1999) found that soil moisture patterns in the temperate Tarrawarra
catchment in south-east Australia show a significant degree of organisation
during wet periods as a result of lateral distribution of water. There is little
organisation in dry periods. Mellouli et al. (2000) showed the effect of rock
fragment content and a stone mulch on evaporation losses in a laboratory
study. While the control soil reached half of the total evaporation loss after 4
days, for a soil with higher rock fragment content this was 7 days, and for a

soil with stone mulch 8 days.

Soil moisture patterns can also be influenced by vegetation. For instance,
Vanderlinden et al. (1998) observed that the infiltration rate was higher
under the canopy of olive trees than on the bare soil between the trees.
Knowledge on the distribution of available water is crucial to asses the
possibility of the application of vegetation strips and cover crops. E.g. it may
prove possible to establish vegetation strips at the lower field boundary and
not in the middle of orchards: Only at the lower boundary enough water may
be available, resulting from the rock fragment mulch (tillage), deeper soil

and accumulation of runoff.

In principle, cover crops and vegetation strips compete for water with the
main crop. In perennial cropping systems there are two possibilities. The
first is that the cover crop does not reduce the available water for the main
crop, because it increases infiltration and or uses water from another part of
the soil profile than the main crop. The second possibility is that cover crops
lead to a decrease in water availability for the main crop and a decrease in
production. In that case, dryland farmers will not be inclined to apply such

cover crops, unless convincing arguments can be provided that in the long
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run vegetation measures will benefit production. The only way to get
farmers to implement vegetation might be specific and adequate agricultural
policy and information. This would involve a compensation for the
economic loss associated with the vegetation measures, taking into account
the economic value of the cover crops and reduced herbicide and fertilizer
needs. For the time being, it remains a question whether cover crops can be
incorporated without reducing the water availability to the main crop and if

they will benefit production in the long term.

Cover crops and grass strips in olive and almond orchards and vineyards
may be present all year round. Cover crops in annual cropping systems can
be sown and established during a fallow year, between harvest and the next
crop or together with the main crop. Each of these possibilities involves
different conditions for the growth of the cover crop. The timing of the
presence of the cover crop is rather important in annual cropping systems.
For example, it may prove to be possible to establish a cover of weeds in
between this years harvest and next years crop in Tuscany, but not in south-

east Spain, because of the difference in rainfall and temperature.
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2.5 Conclusion

From 1960 to 2001 the surface of perennial crops has increased by 11%
in the northern Mediterranean (Spain, Italy, Greece and Portugal), despite a
decrease in total agricultural land of about 15%. For the nearby future the
trend of a decrease in total agricultural area is expected to continue. The
continued mechanisation and intensification during the past decades has
given rise to an increase of environmental problems, especially in sloping
areas. Practices of intensive tillage, the remodelling of hill slopes and the
scarce vegetation cover have promoted increased erosion rates. Agricultural
policies play an important role in the occurrence and nature of cropping
systems and the associated environmental impacts. Climate change studies
point to higher temperatures and higher interannual climatic variability. This

may result in a further intensification of land degradation processes.

Possible measures to minimise land degradation in dryland agriculture are
the practice of reduced or no-tillage, the construction of conservation
structures as terraces and retention dams and the use of vegetation. The
amount of literature on no-tillage practices and vegetation measures is
limited, especially for perennial crops. At present the application of cover
crops and no-tillage is rare in the Mediterranean. Some more information
and examples are available from California, USA. Nevertheless, it remains
unclear under which conditions vegetation measures can and cannot be
applied successfully in rainfed cropping systems, both in physical and
economical terms. Little is known about the water requirements of cover
crops and their effects on the productivity of the main crop. Because of the
large interannual variability of climate and yields long term experiments are

required to study these issues. The use of water harvesting techniques may
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increase the water availability and enable vegetation measures under drier

conditions.

58



CHAPTER 3
WATER AVAILABILITY IN ALMOND
ORCHARDS ON MARL SOILS: THE ROLE
OF SOIL EVAPORATION AND RUNOFF

This chapter has been accepted for publication in Journal of Arid
Environments: Meerkerk, A.L., van Wesemael, B., Cammeraat, E. Water
availability in almond orchards on marl soils in south east Spain: The role of

evaporation and runoff.

3.1 Introduction

Rainfed orchards cover a significant part of the land in the Mediterranean
region. For example olive (Olea europea L.) plantations occupy 5-80% of
the agricultural land (excluding pastures) in the south of Spain, Italy and
Greece, and 10-55% in Tunisia (Fleskens, 2007). A large part of the
plantations is located on marginal, sloping lands. The area planted with olive
and almond (Prunus dulcis Mill.) has increased continuously over the past
decades. The largest increase in olive plantations during the period 1990-
2000 occurred in Spain (+6%), Morocco (+27%) and Syria (+21%, Fleskens
2007). In this chapter we focus on Murcia province in south-east Spain,
which forms a representative area of marginal rainfed orchards. A large part
(86%) of the almond and olive plantations in Murcia are rainfed (CREM,
2006), where the annual rainfall is in the order of 300 mm. The cropping
system has changed considerably over the past decades, following the
mechanisation and intensification of agriculture (Beaufoy, 2003; Faulkner et

al., 2003; Fleskens, 2007). The intensification has lead to accelerated soil
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erosion due to tillage (Poesen et al., 1997; van Wesemael et al., 2006),
removal of soil and water conservation structures (Faulkner, 1995) and land

levelling (Poesen and Hooke, 1997; Borselli et al., 2002).

Traditionally, terraces and earthen dams allowed runoff water to infiltrate
and to be exploited by the crops. Instead of relying on runoff, trees are now
planted on a wide grid, maximising the root volume and the uptake of soil
moisture (van Wesemael et al., 2003). Clean sweeping (i.e. frequent shallow
tillage) is applied to eliminate transpiration losses by weeds and to promote
infiltration, in order to increase the water availability for the trees and the
orchard productivity (Poesen et al., 1997; Pastor, 2004). The number of
tillage passes per year ranges from one to two in low-input, extensive
plantations to five in intensive systems (Poesen et al., 1997; Beaufoy, 2003).
The growth of weeds and the number of tillage passes required increases
with rainfall depth and frequency (Beaufoy, 2003). The depth of tillage
depends on the specific equipment used and is typically in the order of 15 to

25 cm (Pastor, 2004).

Despite the widespread application of clean sweeping, there is a lack of
quantitative data on its effects on soil evaporation and the water availability
for the trees. A potential drawback in dry areas is the fact that tillage can
lead to an increase of evaporation and a decrease in water availability
(Pastor, 2004). Evaporation and runoff form an undesirable loss of water
from a producer's perspective because this water cannot be used by the trees.
Evaporation and runoff therefore limit the production of biomass. Crop
transpiration, the only term of the water balance that is directly related to
harvested biomass, can be as low as 5-25% of rainfall and evaporation as

high as 50% (Rockstrom and Valentin, 1997; Rockstrom et al., 1998;
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Wallace, 2000). The annual runoff coefficient in frequently ploughed olive
groves in the Mediterranean is in the order of 0-18% (Kosmas et al., 1997,
Gomez et al., 2004). Field data presented by Pastor (2004) show that the
water use efficiency and yields can be increased by switching from clean
sweeping to no-tillage. Other studies show a neutral to positive effect of no-
tillage treatments on yield and soil moisture (Gomez et al., 1999; Hernandez
et al., 2005). The 15-year study by Gomez et al. (1999) showed no overall
yield difference between a no-tillage and conventional tillage treatment.
Nevertheless, during a dry year with 406 mm of rainfall, the yield of the no-
tillage treatment was about twice that of the control treatment. The authors
suggested that the difference might be due to the absence of roots in the
surface layer of the conventional treatment. Hence it seems that clean
sweeping may not be the most effective strategy to increase the water

availability under dry conditions (annual rainfall <400 mm y™).

We hypothesise that the practice of clean sweeping leads to large
evaporation losses in rainfed orchards receiving less than 400 mm of annual
rainfall. The objective of this paper is to determine the effect of evaporation
from the plough layer and overland flow on the water availability in almond
orchards on loamy soils in south-east Spain. It deals with the impact of
evaporation and runoff on water availability, using a calibrated water
balance model, field observations, and a spatially explicit estimation of
runoff and run-on. The study is done in duplicate to ensure that the
observations are representative. Given the high rainfall variability in the
Mediterranean region (Mulligan, 1998), we address both dry and wet years
occurring within the economic life time of an orchard. Finally, the

implications for managing these vulnerable cropping systems are discussed.
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3.2 Materials and methods
3.2.1 Study site
The orchards are located in the Carcavo basin in Murcia, Spain (38.20°

N, 1.52° W). Some of their properties are listed in Table 3.1.

Table 3.1. Characteristics of the orchards.

Cl C2
Area (ha) 1.51 2.06
Tree spacing (m) 7.5x7.6 6.2x6.2
Elevation (m) 405 328
Mean slope (°) 3.57 4.56
Longitude (°) -1.51204  -1.52266
Latitude (°) 38.17270  38.20322

The area receives an annual rainfall of 298 mm at a mean annual temperature
of 16.4° C (Almadenes station, period 1966-2000, 38.23° N, 1.55° W). The
climate is characterised by a high interannual rainfall variability and a
reference evapotranspiration of around 1125 mm y’', as calculated with the
Hargreaves equation (Hargreaves and Samani, 1985). The geology of the
area consists of Cretaceous marls and limestone with some sandstone
outcrops. The orchards are on marl substrate and their soils are classified as
Calcaric Regosols with an organic matter content of approximately 6 g kg’
(ICONA, 1986; Table 3.2). More details on the Carcavo basin are provided
by Castillo et al. (2007) and Lesschen et al. (2007).
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Table 3.2. Average soil properties of the upper 40 cm of the soil in orchards
C1 and C2. The albedo figures refer to the soil surface.

Fine earth * Albedo

Sand® Silt® Clay® Bulk density CaCO,; Stones Porosity

(ke (gkg) (gkg) (Mgm®) (gkg) (gkg) (m’m”) Dry Wet
Cl 363 504 133 1.3 550 0 0.50 0.19 0.11
C2 336 531 133 1.2 656 19 0.51 0.26 0.17
* The fine earth is the fraction of soil particles with a diameter <= 2 mm.
® Grain size fractions per kg of fine earth: clay < 2 pm; silt 2-63 um; sand
63-2000 pm.

The plantation of C1 was about five years old in 2005 and the plantation
of C2 three years. Several soil and water conservation structures are present
in the orchards, which is a common feature in the area. C1 has one terrace in
the north west corner, another terrace in the north east and a ditch (response
unit C1d) that collects runoff from the small hills in the north and drains to
the lower terrace (Fig. 3.1, next page). C2 has a terrace along the field

diagonal.
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Figure 3.1. Overview of orchard C1 (38.1727° N, 1.51204° W) and C2
(38.20322° N, 1.52266° W). The hydrological response units are described
in Table 3.3 (§3.2.6).
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3.2.2 Measurement of orchard properties

The trunk diameters were measured in 2004, in order to detect spatial
patterns in tree growth related to overland flow. The diameter was measured
at a height of 30 cm using sliding callipers. The tree canopy cover was
measured in orchard C1 in September in order to produce an estimate of the
crop transpiration. Photos of the canopy were captured with a camera
mounted beneath a helium balloon. The image pixel size obtained was 2 cm?
or less. Seven images were selected randomly throughout the orchard and
subjected to a supervised maximum likelihood classification of canopy
cover. The corresponding classification error of canopy cover was approx.
1%. A total of 42 root observations were done in September, in order to
determine the presence of tree roots in the top soil (orchard C1). The
observations were made in soil pits at distances of 0.5, 1, 2 and 4 m from
randomly chosen trunks. The number of roots was counted visually for

vertical 10 by 10 cm squares of soil at a depth of 5-15 and 15-25 cm.
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3.2.3 Modelling of the water balance

In order to quantify the water balance of the plough layer, we assumed
that it contains no roots as a consequence of clean sweeping. The
evaporation from a 15 cm plough layer (£,) can now be expressed as (Eq.

3.1):
E, =P+ Qo -Dis-AS - Qo 3.1

Where P is precipitation, Q,, is run-on, D;s is drainage below 15 cm, AS is
the change in soil moisture storage for a given time interval and Q. is
runoff. All terms expressed in mm. A schematic representation of the water

balance is given in Figure 3.2.

Qon
Qoff
\ \

plough layer W

subsoil

Figure 3.2. Schematic representation of the water balance of the plough layer
(Eq. 3.1).

In order to obtain E,, the soil water balance was simulated using the
BUDGET model (Raes et al., 2006). The soil was represented in the model
by 7 horizontal layers of 5 cm thickness. For each layer BUDGET calculates
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the vertical flux of soil water at the upper and lower boundary as well as the
net change in moisture storage. The model calculates the components of the
water balance at a daily time step for each layer. Drainage is calculated first,
based on the final soil moisture content of the preceding day, followed by
infiltration and finally evaporation. The main inputs of the model are
rainfall, adjusted for runoff losses or gains, reference evapotranspiration
(ETy, mm) as calculated by the FAO Penman-Monteith equation (Allen et
al., 1998), soil porosity, field capacity, wilting point (i.e. the soil moisture
content at a matric potential of -1.5 MPa), 74 [-], which determines the rate of
drainage (Raes, 2002), and hydraulic conductivity (K, mm h™). Please note
that the 7 of Raes (2002) is renamed to 74, in order to distinguish it from t(/4)
in Chapter 5. The model output consists of the daily water fluxes of the 5 cm
layers and of the entire profile, as well as soil moisture storage. An
additional model parameter is the depth to which the soil contributes to

evaporation.

It can be noted that a one dimensional (1D) modelling approach was
chosen (Eq. 3.1) because this offers a number of advantages compared to
more complex 2D and 3D models. The relative simplicity of a 1D model is
practical in terms of model development, calibration and validation. A 2D or
3D approach requires more input data to represent the lateral variability in
soil and surface properties. Furthermore, additional algorithms are required
to describe the redistribution of runoff and soil water. Another advantage of
a 1D approach is that the water balance of different locations can be easily

compared.
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3.2.4 Lysimeter experiments
BUDGET was calibrated by a lysimeter experiment carried out in the
laboratory, which lasted seven months. The experimental set-up is shown in

Figure 3.3.

Figure 3.3. Experimental set-up of the lysimeter experiment.

Soil monoliths from orchards C1 and C2 with a diameter of 30 cm and a
height of 35 cm were installed on electronic balances connected to a data
logger. Simulated rain events of 10 to 115 mm were applied at an average
intensity of 40 mm h™', using deionised water. Wind was simulated by a fan
at 0.4 ms™ for column C1 and 1.5 m s™ at C2. Other parameters monitored
were air temperature, relative humidity, incoming radiation and drainage.

The latter was measured by placing the drainage tubes of the soil columns in
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separate tipping bucket rain gauges, which were connected to the data
logger. The soil columns were illuminated 12 hours a day at around 360 W
m~, which is comparable to the average incoming radiation in Murcia.
Following the lysimeter experiment, BUDGET was calibrated for the entire
35 cm profile. Three parameters were adjusted for each column: the soil
depth that contributes to evaporation, moisture content at wilting point and
74. The other soil parameters were determined from laboratory measurements
(porosity, field capacity, wilting point) and rainfall simulations (Ks,; §3.2.5;
Table 3.3).

The contribution of the subsoil (depth > 25 cm) to evaporation was
studied with another lysimeter experiment. Two air-dry columns with a
diameter and depth of 30 cm were saturated with water at a depth of 25-30
cm. This was done by placing them in a water tank until they had soaked up
the amount of water required to saturate this layer of known porosity.
Subsequently, the columns were illuminated 12 hours per day at 376 W m™
and a fan provided a wind of 1.4 m s”'. The same variables were monitored

as described for the calibration experiment.

3.2.5 Runoff measurements

The runoff response of the orchards was determined by means of rainfall
simulations, which were carried out in January and September. A drip-plate
(Amsterdam type) simulator was used for plots of 50 x 100 cm as described
by Bowyer-Bower and Burt (1989). Demineralised water was applied for a
minimum of 30 minutes at an intensity of 10 to 70 mm h™' (average of 42
mm h™). Use was made of demineralised water was because infiltration rates
are significantly overestimated when using solute-rich water (tap water;

Borselli et al., 2001). It was attempted to apply 20, 40 and 60 mm h™' in three
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adjacent plots, however it was difficult to regulate the intensity accurately. /,
was measured as the rainfall applied until the start of runoff production. K,
was estimated by the asymptote of the infiltration curve, which shows the
decline in infiltration rate in time. A total of 18 simulations was done, nine
in each orchard, which included two distinct surface conditions: the very
loose surface structure common after tillage and the surface with a structural
crust, which is formed during rainfall (Valentin and Bresson, 1997).
Furthermore, three simulations were executed in an abandoned vineyard
upslope of orchard C1 (Fig. 3.1, response unit Cla). Soil moisture was
measured before and during rainfall simulations using a theta probe (Delta-T
Devices Ltd.), which was installed horizontally at a depth of 5 cm at the
centre of the plot edge (i.e. the 100 cm edge, aligned in slope direction).

Traces of concentrated flow and reinfiltration were mapped after natural
rain storms in 2005 and 2006, in order to determine the influence of overland
flow on the spatial distribution of available water. The traces were mapped
with a GPS device. Rainfall data with a resolution of 1 minute was available

from a tipping bucket rain gauge located at 1.4 km from orchard CI.

3.2.6 Runoff modelling

A distinction was made between surfaces with different infiltration
characteristics, so called hydrological response units (HRUs), which is a
common approach in runoff modelling (Beven, 2001). Runoff production
was estimated for each HRU separately. The HRUs were identified on the
basis of vegetation cover, stone cover, crusting stage and infiltration
characteristics (Fig. 3.1 & Table 3.3). Vegetation and stone cover were

derived from the aerial photographs (Fig. 3.4).
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Table 3.3. Hydrological properties and soil cover of the hydrological
response units (HRUs). C1, C2: almond fields, Cla: abandoned vineyard,
C1b: rock outcrop, Clc: unused patch, Cld: dirt track / gully.

K I Vegetation &
. sat 10 0/
Soil crust  (mm  I,°© 0;° threshold @* _stone cover (%)
HRU  typology® h') (mm) (m’m®) n  (mmh™) Range Ave.
Cl Ploughed 29.6° 9.7° 0.08 3 <19 1-5 3
Structural  28.8° 7.3° 0.11 6
Cla  Depositional 19.3° 38° 0.15 3 <19 0-100 10
Clb  Depositional 209 252° <19 10-100 60
Clc Structural -
depositional 24¢ 259° 19 1-5 2
Cld  Depositional 199 3.8¢ <19 1-5 2
C2 Ploughed 24.4° 72° 005 6 <19 1-4 3

Structural  18.3° 1.0° 0.10 3
* According to Valentin and Bresson (1992); ° Rainfall simulation; © Field
observation of five storms; ¢ Estimate; ¢ Initial abstraction (mm); T threshold of the
ten minute peak intensity of a storm for runoff production.

Figure 3.4. Example of the aerial imagery captured in orchard C1 (left) and
the corresponding canopy cover classification (right).

The spatial redistribution of runoff was addressed only for orchard Cl,
because there was little evidence of concentrated flow and reinfiltration in
C2. The HRUs at C1 were further subdivided into flow units based on
topography to enable the routing of overland flow. Use was made of a digital

elevation model with a cell size of 5 m, which was derived from the 1:5000
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topographic map. The extent of the catchment consisting of Cl and
connected upslope areas was determined from the observed pathways of

overland flow (Fig. 3.5).

% Outlet

Rills
] Sink area
| | Flow units

Figure 3.5. Rills observed at orchard C1 for three rain events. (a) P = 23.2
mm; [;p=67.5 mmh™. (b) P =259 mm; [;,=19.2mmh™". (c) P=92.8 mm,
Ly=559mmh’.

At first, a simple runoff estimation was done using the curve number
(CN) method (Soil Conservation Service, 1985). A drawback of the CN
method is that it calculates runoff on an event basis and ignores the impact
of rainfall intensity and its variability during the event (Mockus, 1964 as
cited in Mishra and Sing, 2003, p. 129). This leads to unreliable results in
semi-arid areas, where the within storm variability of rainfall intensity has a
large influence on runoff production (Nicolau et al., 1996; Castillo et al.,
2003; Reaney et al., 2007). Observations in orchard C1 point out that these
findings apply to the Cércavo basin as well: the events of Figure 3.5a and b

have a similar rainfall depth (23-26 mm), but the ten minute peak intensity
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(1o, mm h™") of the event of Figure 3.5a is about three times larger than that
of Figure 3.5b and results in considerably more rills and runoff. The CN
method however produces a larger amount of runoff for the event of Figure
3.5b. It was therefore decided to use an alternative approach which allows to
incorporate the effect of rainfall intensity. The approach is based on an
hourly time step because of the hourly rain data available for modelling. The
input consists of hourly rainfall (P, mm), the initial abstraction prior to
runoff (/,, mm), and the saturated hydraulic conductivity (K, mm h'l),
which forms an alternative for the potential maximum retention (S, mm) of
the CN method (Mishra and Sing, 2003). 7, is the sum of surface storage and
initial infiltration. P is split in two parts, distinguishing the rain that falls at
peak intensity (/o) and the amount that falls during the remaining 50 minutes

(Psp, mm). The hourly runoff (O, mm) is now estimated by (Eq. 3.2):

1 [ P
Oyir :g(llo _Ksat)"‘lso(m_ satj for P> 1, (3.2)
50

The first term of Eq. 3.2 returns the runoff produced during the 10 minute

. 1 ) .
rainfall peak. The constant g h serves to obtain Q. in mm. The second term

represents the runoff produced during the off-peak period, where 7, is the

average time of rainfall during this period (h). The effect of initial soil
moisture (6, m’ m”) and soil sorptivity on infiltration is ignored. It is

assumed that 6; is low and uniform and that /, is constant. The first term of

P
Eq. 3.2 is set to zero if /;y < Ky and the second term if =% < K,.. Values of
tSO

I, are estimated by a regression of ;o and P (expressed in mm h™') using a

data set from Las Caras station in Carcavo (Fig. 3.6).
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Figure 3.6. Regression of ten minute peak intensity (/o) and hourly rainfall
(P). The data set consists of eight years of rainfall measurements at Las
Caras station.

This set covers eight years of rainfall at ten minute resolution and shows a

reasonable linear fit (2= 0.66, p <0.001; Eq. 3.3):
Ip=3.137 P-3.892 3.3)

During most hours with rainfall it does not rain every minute of the off-
peak period due to the small size and erratic distribution of the rainfall.
Accordingly, episodes with a larger than average rainfall intensity are

common. The use of the average off-peak intensity would therefore result in

an underestimation of Q.. Variable 7, (Eq. 3.2) is an attempt to reduce this

o Py 5 . . . .
underestimation. We know that ¢, € {1—50,—} while the intensity during the
10

off-peak period cannot exceed [;p. Under the assumption that #5, has a

symmetrical distribution we can calculate 7, using (Eq. 3.4):
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_ P
1, =0.5 it (3.4)
6 I,

Eq. 3.4 returns values of 7., that range between 25 and 50 minutes. For the

P
majority of the events, — is now larger than the average rainfall intensity
t
50

of the off-peak period (Eq. 3.2).

3.2.7 Model application

The water balance of the plough layer was simulated using the calibrated
water balance model and the runoff estimation method described previously
(Eq. 3.2). A long term series of hourly weather data were used from
Barranco de la Alqueria, which is located 52 km south-west of Carcavo
(37.78° N, 1.83° W; Cammeraat, 2004). The years 1997 ("wet"), 1999
("average") and 2005 ("dry") were selected for modelling, having an annual
rainfall of respectively 429, 287 and 169 mm. The wet and dry year
represent the range of annual rainfall in Carcavo with a recurrence interval
of 7.7 years (Almadenes station, 1966-2000). BUDGET was run for the 35
cm profiles of orchards C1 and C2 for the wet, average and dry year. £, and
Dys were derived from the simulated water fluxes of the 5 cm layers.
Simulations were executed for different topographic positions in the
orchards: a reference location where runoff has no effect (Q,, = Qo) and a
slope position which produces Q. and does not receive Q,,. Furthermore, a
sink area was defined where Q,, > Q.. based on observed ponding of runoff
and sediment deposition in C1 (Fig. 3.5c). The sink area consists of a
depression where significant amounts of run-on infiltrate. The flow towards
the sink was estimated by routing the Q. from upslope flow units at an
hourly time step. It was assumed that Q. from activated flow units

infiltrates on down slope units if those do not produce Q. themselves, i.e.
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where P < I, or I}y < K. During some storms, the modelled inflow exceeded
the capacity of the sink. The water was then drained by the outlet, as
observed in the field (Fig. 3.5¢). The capacity of the sink was set at 60 mm

in accordance with the height of the rim along the lower field border.

The K, and [, input for runoff estimation (Eq. 3.2) of HRUs C1, Cla and
C2 was derived from the rainfall simulations (Table 3.3). In the case of Cl
and C2, the average value of the ploughed and crusted surface was used. The
runoff response of Cld was assumed to be the same as that of Cla. For the
remaining units (Clb & Clc), I, values were estimated by the rainfall
threshold for runoff production as observed for five storms during 2005-
2006 (Fig. 3.5, Table 3.3). The K, used for C1b was an educated guess. The
vegetation cover of unit C1b consists mostly of Stipa tenacissima (L.) and is
relatively high (20%). It was assumed that only 80% of the Clb surface
contributes to runoff due to infiltration at the Stipa tussocks. The K, of Clc,
a patch of bare land without regular tillage, was estimated as the average of

the abandoned vineyard (Cla) and orchard CI1.
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3.3 Results and discussion

3.3.1 Orchard properties

The classification of the aerial photos shows that the canopy cover in
orchard C1 ranges from 0.9 to 5.2%, with an average of 3.2% (Fig. 3.4).
During winter the trees are leafless and the cover is close to zero. The root
survey showed that the 5-15 cm layer contains no roots in 33% of the pits.
64% have 1 to 10 fine roots and 2.4% have more than 10 roots. Furthermore,
90% of the pits have no roots with a diameter of one mm or more in this
layer. There are no pits with more than two roots of that size. Sometimes the
roots could be related to weed remnants, supporting the conclusion that the
plough layer (0-15 cm) contains few tree roots. Most of the water stored in
the plough layer is therefore lost by evaporation from the bare soil.
Transpiration by weeds is of minor importance because their growth is
sparse and limited to the short period between rainfall and the next tillage

pass.

At first sight, the spatial variability in tree trunk diameter appears to be
random (Fig. 3.1). A closer look suggests that there is a concentration of
larger trunks in the northeast and northwest of orchard C1. Both locations
have a topography with a relatively concave curvature and a downslope
barrier for overland flow, consisting of elevated terrace borders. In the
northeast the large trunks overlap with the observed sink area of overland
flow. The implications in terms of run-on and water availability are

discussed in §3.3.4.
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3.3.2 Lysimeter results and model calibration

The lysimeter experiment shows higher evaporation rates for profile C2
than for C1 during the first four rainfall-evaporation cycles (Fig. 3.7). The
reason is that the rain on both columns was continued until the start of

drainage and the corresponding rainfall quantity was larger for C2.
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Figure 3.7. Calibration of the BUDGET model for evaporation as measured
with lysimeters for two silt loam soils.

The separate experiment with a saturated layer at 25 cm depth showed
that the evaporation from the subsoil was 3.9 mm (18% of the water applied)
after 64 days for profile C1 and 5.2 mm (30% of the water applied) after 53
days for profile C2. These results indicate that the evaporation from depths
greater than 25 cm is rather limited. It can be argued that the evaporation
from the subsoil will be even less under field conditions, due to water uptake

by the tree roots.

The calibration of the BUDGET model was satisfactory (Fig. 3.7, Table
3.4). The root mean square error in soil moisture was smaller than 0.046 m’
m”. The model overestimated the rate of evaporation during the energy
limited stage after rainfalls in the order of 20 to 40 mm (Fig. 3.7, from DOY
292 onwards; see Ritchie (1972) for an explanation of the energy limited
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stage of evaporation, also referred to as first stage). This error is not very
important when considering the cumulative evaporation over longer periods

(Table 3.4).

Table 3.4. Calibration of the water balance model for the C1 and C2 profiles.
RMSE stands for root mean square error.

I* D" ES  ASY  Soil moisture (m’ m™)
(mm) (mm) (mm) (mm) RMSE Max error
Cl Measured 415 23 372 20
Modelled 415 26 370 19 0.045 0.075

C2 Measured 504 20 475 9

Modelled 504 19 475 10 0.031 0.075
* Infiltration; ° Drainage; © Soil evaporation; ¢ Change in soil moisture
storage

For both soil profiles, the best calibration was obtained by fixing the soil
depth that contributes to evaporation at 30 cm and 74 = 1. For lower values of
74 the simulated drainage was too small compared to the observations. The
soil moisture content at wilting point was adjusted from 0.13 to 0.15 m’ m™
for C1 and from 0.08 to 0.07 m’ m™ for C2, which improved modelled
evaporation. The wilting point values used initially (0.13 and 0.08) were a
rough estimate based on the range of soil moisture observed during the

lysimeter experiment.
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3.3.3 Model runs with observed weather data

The simulated E, in the wet, average and dry year ranges from 70 to
104% of annual rainfall, depending on topographic position (Table 3.5).
Note that evaporation can exceed rainfall when runoff water is concentrated

in a small area.

Table 3.5. Water balance of the 15 cm plough layer and 35 cm profiles of
orchard C1 and C2 at different topographic positions. All figures in mm.

Plough layer Profile
Year On I Own  Dis E, AS D E, AS
Cl-reference ~ Wet - 429 - 130 299 0 67 361 1
Average - 287 - 41 245 1 0 287 0
Dry - 169 - 0 169 0 0 169 0
Cl-slope Wet - 416 13 117 298 1 54 362 0
Average - 285 2 39 245 1 0 285 0
Dry - 166 3 0 166 0 0 166 0
Cl-sink Wet 372 611 189 286 325 0 223 389 -1
Average 61 348 0 102 245 1 41 306 1
Dry 92 250 11 73 177 0 36 217 -3
C2-reference  Wet - 429 - 124 304 1 63 366 0
Average - 287 - 42 245 0 0 286 1
Dry - 169 - 0 169 0 0 169 0
C2-slope Wet - 407 22 105 301 1 45 362 0
Average - 282 4 40 241 1 0 284 -2
Dry - 163 6 0 163 0 0 164 -1

When considering the entire 35 cm profile evaporation equals 84 to 128%
of annual rainfall. Values of D;s range from 0 to 66% of annual rainfall. The

large evaporation and small D;s result from the limited rainfall depth per
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event. The largest daily rainfall is 45 mm and occurs during the wet year

(Fig. 3.8).
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Figure 3.8. Daily infiltration and evaporation (E,) for a 15 cm plough layer
during a wet, average and dry year, as simulated for the topographic
reference position of orchard C1.
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During the dry year, the largest rain event is 26 mm and no Dis is
produced on the reference and slope position (Table 3.5). A second
explanation for the limited drainage in dry years is the lower soil moisture
content at the start of rainfall. This is illustrated by the average moisture
content of the upper 5 cm of the soil, which is 17% in the wet year, 16% in
the average year and 14% in the dry year (run Cl-reference, results not
shown). The maximum evaporation rate from the plough layer is higher
during the wet year as well, reaching 4 mm day” (Fig. 3.8). The simulation
results are rather similar for the soils from orchards C1 and C2. The only
clear difference is the lower infiltration capacity and higher runoff at C2

(Table 3.5).

The results indicate that the evaporation from the plough layer is
considerable. They confirm the observation in previous publications that
percolation to deeper soil layers minimises evaporation losses (van

Wesemael et al., 1996; Pastor, 2004; Tubeileh et al., 2004).

3.3.4 The role of runoff

Five runoff events were recorded in field C1 and three events in C2
during 2005 and 2006. Figures 3.5a and 3.5b illustrate the importance of
rainfall intensity rather than quantity for runoff generation during light
rainfall. The infiltration characteristics and runoff thresholds of the HRU are
listed in (Table 3.3). The infiltration capacity of the almond fields decreases
after crust formation. A single rainfall is sufficient to produce a new crust
after tillage. The I, of the crusted soil at C2 is remarkably low at 1 mm and
was observed for a rainfall intensity between 12 and 57 mm h”. The
difference between C1 and C2 may be related to the higher silt and calcium

carbonate content in the soil of C2 (Table 3.2). The rock outcrop (C1b) and
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the unused patch of land (Clc) have relatively high 7, values, which seems
related to the high vegetation and stone cover at C1b and the rather faint

slope of Clc (Table 3.3). From the rainfall simulations it appears that 7, is
not related to 6; for 6, € [0.03 s 0.18] (r* = 0.02, n = 25) and that 6; is
generally small (Table 3.3). For 44% of the runoff events of the BUDGET

runs, the 8; for position Cl-reference is below 0.18 m’> m” and the average is
0.19 m’ m™ (results not shown). It therefore appears that the omission of 6;

in the runoff calculation (Eq. 3.2) does not influence the results.

The simulated amounts of runoff are small and the annual runoff
coefficients of the HRUs range from 0.7 to 6.3 % (Table 3.6). The variability
in runoff response illustrates the importance of rainfall intensity. The results
are in line with other publications on semi-arid catchments, which have
related the erratic runoff response to surface properties and storm
characteristics (Nicolau et al., 1996; Puigdefabregas et al., 1998; Castillo et
al., 2003; Reaney et al., 2007). The effect of spatial patterns is most
pronounced when the rainfall intensity is in the same order of magnitude as
K., so that the spatial distribution of surface properties results in a dynamic

pattern of source and sink areas (Western et al., 2001; Castillo et al., 2003).

Table 3.6. Annual runoff production of the hydrological response units (Fig.
3.1) as simulated with the weather data from Alqueria station (Eq. 3.2).
Annual rainfall is 429 mm for the wet year, 287 mm for the average year and
169 mm for the dry year. The number of runoff producing rain events is
added between brackets.

Runoff year sum (mm)

Year Cl Cla; C1d Clb Clc C2

Wet 13.33) 2699 16.1(3) 14.7(2) 22.4(7)
Average 2.0 (1) 604 29(2) 28((2) 4.8(3)
Dry 3.2(D) 74((3) 3.0(0) 41(1) 6.103)
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The runoff coefficient of the entire micro-catchment of C1 is quite low,
being 0.27% for the dry year, 0% for the average year and 1.8% for the wet
year. The reason is that a large part of the overland flow is concentrated in
the sink area and infiltrates there (Fig. 3.5c). Hence the net run-on
contribution in the sink area equals 21 to 47% of annual rainfall (Table 3.5).
The trees respond to the increased water availability, since the trunk basal
area is 12% larger (p < 0.03) compared to the rest of the orchard. Similar
observations were made for rainfed olive orchards in Cérdoba by Castro et
al. (2006), who argue that the redistribution of rainfall may have important

implications for the water balance and orchard productivity.

The use of K, as the fixed infiltration capacity of the soil implies a slight
overestimation of Q. in Eq. 3.2: the infiltration capacity at the start of
runoff may be larger than K, Furthermore the K, measurements of the 0.5
m? plots were used at the scale of the flow units, without correcting for the
decrease in runoff coefficient with area. The latter is documented by e.g.
Rockstrom and Valentin (1997) and van de Giesen et al. (2000). Despite
these limitations, the modelled amounts of runoff correspond well with other
publications on semi-arid areas (Rockstrom and Valentin, 1997; Rockstrom
et al., 1998; Gomez et al., 2004), which report annual runoff coefficients of

2.5-30%.

3.3.5 Implications of clean sweeping for tree transpiration

The absence of roots in the plough layer allows to split the soil water
balance in two compartments, i.e. the plough layer and the subsoil. In
principle only the water that drains below the plough layer can be taken up
by the tree roots. Hence D;s (Eq. 3.1) is a direct estimate of the water

availability for the trees. In practice the actual transpiration by the trees may
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be lower, because the soil below 15 c¢cm can contribute to evaporation as
well. Furthermore the roots may not be able to extract all water that
infiltrates the subsoil. For example young trees have not yet developed an
extensive root system. The roots of established trees are able to penetrate the
entire subsoil depth over which D,s is distributed. They may extend more
than 15 m from the trunk and up to 4 m deep (Catlin, 1996). The maximum
depth of the wetting front simulated by BUDGET is reached at the sink
position of C1. Two storms during the wet year (45.6 mm on day 272 and
32.8 mm on day 278, Fig. 3.8) produce a total drainage of 189 mm from the
35 cm profile in the sink. This water can percolate to a depth of 95 cm,
assuming a field capacity of 0.32 m’ m” and an initial moisture content of
0.13 m® m™. It therefore appears that soil water rarely percolates deeper than

the potential rooting zone of the trees.

The occurrence of Di;s is restricted to the period from September to April,
as determined by the seasonal distribution of rainfall (Fig. 3.8). The question
arises whether D;s is large enough to support the transpiration of the almond
trees. The canopy cover lasts during the growing season (March -
November) and is in the order of 3.2% as measured for C1. Under the
assumption that the canopy transpires at 100% of ET, during the growing
season, the orchard transpiration requirement is 28.5 mm in the wet year,
29.0 mm in the average year and 29.2 mm in the dry year. It appears that the
transpiration requirement is considerably smaller than D;s in the average and
wet year (Table 3.5). This is not the case in the dry year, when D;s= 0 mm,
implying that the trees will suffer from severe water stress. Several
arguments indicate that the trees may still survive in dry years. The
BUDGET runs show that drainage below 10 cm in the dry year still is in the
order of 16 mm, which equals 100% of ET, for a canopy cover of 1.7%. In
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addition, there may be some water stored in the subsoil if the preceding year
was normal or wet. Furthermore, the water requirement of the trees can be
reduced by pruning the canopy (Tubeileh et al., 2004). Another strategy is to
abstain from tillage during dry periods, so that the tree roots can access the
water stored in the top soil after light rainfall. Lastly, it can be noted that it is
common in Murcia for a small fraction of the almond trees to die, see e.g.

the gaps in the regular tree pattern in orchard C1 (Fig. 3.1).

The magnitude of £, largely depends on the thickness of the plough layer.
The 15 cm assumed in this study is in agreement with the field survey of
roots and literature (Pastor, 2004). A management consisting of no-tillage
combined with chemical weeding seems an interesting alternative for clean
sweeping, because it enables the tree roots to grow into the plough layer and
take up more water from light rains. Furthermore, no-tillage leads to a
considerable decrease in soil erosion (Pastor, 2004). Additional experimental
evidence is required to determine the effect of no-tillage on orchard
productivity in dry areas. A drawback on silt loam soils might be an increase
of runoff due to crust formation, so that minimum tillage (5-10 cm) is

required in order to maintain infiltration rates (Pastor, 2004).
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3.4 Conclusion

Rainfed orchards on silt loam soils in Murcia, southeast Spain are
characterised by considerable evaporation losses. The practice of clean
sweeping limits the water availability to the trees, since the root growth in
the plough layer is constrained and drainage to deeper soil layers is limited.
The spatial redistribution of runoff does not have a large influence on the
water availability for the trees in the current cultivation system. An
exception is formed by depressions in the landscape, where infiltration of
run-on can significantly increase the water availability. The relative
importance of the evaporation loss from the plough layer decreases with
increasing rainfall. Therefore especially in dry areas a reduction of
evaporation from the plough layer will contribute to an increased
productivity and water use efficiency in rainfed orchards. The most
promising techniques to achieve this are no-tillage combined with chemical
weeding and minimum tillage (tillage depth limited to 5-10 cm). Both
techniques decrease the thickness of the plough layer compared to the
practice of clean sweeping and support the growth of tree roots close to the

surface, where they can access the water from small rain events.
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CHAPTER 4
PATTERNS OF WATER AVAILABILITY IN
RAINFED ORCHARDS AT THE PROVINCE
AND REGIONAL SCALE: VULNERABILITY
AND POTENTIAL FOR COVER CROPS

41 Introduction

The Mediterranean region is recognised as a hot spot of soil erosion,
which results from the interaction of climate, soil, topography and land use
(e.g. Poesen & Hooke, 1997; Boardman, 2006). One of the most effective
ways to decrease soil loss in agriculture is to increase the vegetation cover
(Elwell & Stocking, 1976; Hartwig & Ammon, 2002). Successful examples
include the growth of cover crops after the harvest of the main crop and the
construction of grassed waterways (Fiener & Auerswald, 2003; Tonnito et
al., 2006). One of the potential drawbacks for cover crops in semi-arid areas
is the competition for water with the main crop (Ingels et al., 1998). Still
little is known about the threshold conditions for the successful use of cover
crops in terms of water availability. There are a number of studies that
illustrate the effect of cover crops on the water balance (e.g. Pastor, 2004;
Islam et al., 2006) and yields (e.g. Sanchez-Giron et al., 2004; Tonitto et al.,
2006). Most of these studies address the application of cover crops from a
plot-scale perspective. They offer neither general conclusions about the
physical limits (i.e. climate and soil) for the application of cover crops, nor
about how the application of cover crops can best be adapted to local

conditions of water availability.
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The focus of this chapter is on rainfed olive and almond plantations on
sloping terrain, which feature a sparse vegetation cover and high erosion risk
(Faulkner et al., 2003; Goémez et al., 2005). Olive (Olea europea L.) and
almond (Prunus dulcis Mill.) are important crops that occupy a large part of
the arable land in the Mediterranean. They can be grown under dry
conditions, at an annual precipitation as low as 200 mm (Tubeileh et al.,
2004). In Spain, the major part of the olives and almonds are grown under
rainfed conditions, i.e. 18% of the olive orchards and 6% of the almond
orchards were irrigated in 2003 (MAPA, 2004). Orchards can be adapted to
drier conditions by reducing the canopy area and tree density (Navarro &
Parra, 2004). A smaller canopy area decreases the water requirement,
whereas a larger tree spacing allows the individual trees to mine a larger soil
volume for water. We are not aware of any studies that investigated the

relationship between water availability and these crop parameters.

The spatial variability in available water is determined among others by
climate, soil properties and topography (Sala et al., 1988; Gomez-Plaza et
al., 2001; Ramos & Mulligan, 2005; van Wesemael et al., 2006). We use the
following parameters to characterise the orchard response to patterns of
water availability at different scales: projected canopy cover, tree density
and the spatial distribution of orchards. Canopy cover is an index of tree
vigour (e.g. Galvez et al., 2004) whereas tree density has been used to
characterise the response of natural vegetation to climate (Caylor et al.,
2003). In rainfed orchards, the tree density is adapted to the local climate as
well, so that the soil volume and available soil moisture per tree is sufficient.
This was illustrated by the water balance study in Chapter 3, which showed

that the drainage below the plough layer over a large surface provided
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enough water to support 175 to 260 almond trees per hectare at an annual

rainfall of 300 mm, and a projected canopy cover of 3 to 4% .

The aim of this chapter is to identify (1) spatial patterns of the occurrence
of rainfed orchards at the regional scale related to lithology (i.e. surface
geology) and (2) patterns of orchard tree density and canopy cover across the
Mediterranean related to climate. These patterns can be used as a rapid
evaluation of the vulnerability of the orchards to soil erosion and the
possibility to apply a protective vegetation cover without compromising the

water availability to the main crop.
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4.2 Materials and methods

4.21 Selection and characteristics of almond and olive
orchards

Olive and almond are common rainfed tree crops which are often grown
on hillslopes with marginal soils. The cultivation of olive is widespread
throughout the Mediterranean. Therefore olives were chosen as an indicator
crop that allows studying spatial patterns related to climate at the scale of the
Mediterranean. In addition, olives are easy to identify on satellite imagery
and are widely documented. Both almond and olive cropping systems feature
a sparse vegetation cover as well as the application of clean-sweeping (i.e.
frequent tillage to prevent weeds to compete for water with the trees and to
increase infiltration (Pastor, 2004). An important difference in terms of
canopy cover is that olives are evergreen whereas almonds are deciduous.
Furthermore, the major commercial almond cultivars are self-unfruitful and

require cross-pollination to produce almonds (Hendricks, 1996).

4.2.2 The role of lithology

The pattern of rainfed orchards was studied in the province of Murcia,
Spain, an area of 11 300 km?. The climate is dry with a mean annual rainfall
ranging from 180 mm up to 600 mm in the mountains, whereas the majority
of the cultivated area receives less than 300 mm (Garcia & Hernandez,
2004). This is still well within the Mediterranean climate range when
compared to parts of Tunisia and Syria that feature rainfed agriculture under
conditions with a considerably larger water deficit (e.g. Tubeileh et al.,
2004). The mean annual air temperature ranges from 14.5 to 18.5 °C and the
diurnal air temperature range is 11 to 12 °C (ATEAM database: New et al.,
1999, 2000; Centro Regional de Estadistica de Murcia).
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It was investigated if there is a preference for rainfed orchards to be
located on a specific parent material. Almond was selected as the study crop
in Murcia because the area under almond cultivation is four times larger than
the area of olives (CREM, 2004), making almond more suitable to study the
effect of patterns in lithology. A lithological map with a resolution of 1 km?
was produced by aggregating the 76 units of the 1:50 000 geological map of
Murcia into 15 units with similar parent material and texture. An almond
data set with a resolution of 1 ha was extracted from the land use map of the
Ministerio de Agricultura, Pesca y Alimentacion from 2001. Mixed land
uses of almond with olive, cereals, etc. were excluded. The almonds covered
5.9% of the land in 2003, which equals about four times the area planted
with olives (CREM, 2004). No distinction was made between rainfed and
irrigated orchards, assuming that the irrigated orchards (13% of the total area
of almond orchards in 2001; CREM, 2004) were located on similar
lithologies as the rainfed orchards. The fraction of the province covered by
each lithological unit was compared with the fraction of almond plantations
that occurred on that unit. If the latter is higher, this points to a concentration
of plantations on the lithological unit. The effective scale of the analysis was

1 km?, as determined by the geological map.

A statistical test was done to determine if the number of 1 km® grid cells
that contain almond plantations is significantly higher or lower on specific
lithological units than the average of the entire region. It is based on
stochastic variable k, which represents the number of grid cells that contain
almond orchards. k£ ~ Binomial (n, p), where »n is the total number of grid
cells and p the fraction of cells with almond plantations. For a specific

lithological unit, the null-hypothesis is that p is the same as for the entire
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region. The expectation of k is then equal to p times n. The alternative
hypothesis is tested for every lithological unit that & is higher or lower than
the expectation of £ under the null-hypothesis.

4.2.3 The role of climate

The relation between climate, canopy cover and tree density in olive
orchards was investigated at the Mediterranean scale. Data on the canopy
cover and tree density in rainfed olive orchards were obtained from field
measurements in Spain, literature, satellite imagery and colleagues from
different countries (Appendix 2). The mean annual air temperature at the
sites ranged from 12 to 20 °C, the diurnal air temperature from 7 to 13 °C
and the annual precipitation from 280 to 920 mm (New et al., 1999; Mitchell
et al., 2002). In total 58 observations were collected. During the analysis no
distinction was made based on plantation age, since it was unknown for most

of the observations.

For each site the climate was characterised by the ratio between annual
precipitation (P) and reference evapotranspiration (ET,; Allen et al. 1998),

both expressed in mm a™ (Eq. 4.1).

HI=P/ET, (4.1)

This ratio is referred to as the aridity index (UNEP, 1997) or humidity index
(Yin et al., 2005). We prefer the term humidity index (HI) since the index
value increases with increasing humidity. E7, was calculated using the
Hargreaves equation (Hargreaves & Samani, 1985; Allen et al., 1998; Eq.
4.2)
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ETo=0.0023(Tmean + 17.8) (T - Toin)”* R~ (4.2)

where ET, = reference evapotranspiration (mm a'l), Tmean = mean annual air
temperature (°C), T = average daily maximum air temperature (°C), Tiyin =
average daily minimum air temperature (°C) and R, = extraterrestrial

radiation (mm a™).

HI was calculated with data from the ATEAM terrestrial climate
database, using monthly precipitation and monthly average air temperature
for the period 1971-1995 (New et al., 1999; Mitchell et al., 2002). HI was
also calculated for the eight driest years of the 1971-1995 period (H/4ry). The
grid resolution of the air temperature data used was 0.5° and the resolution
of the precipitation data 10'. The precipitation data was used at a finer
resolution than the air temperature data because the HI is most sensitive to
this parameter. In addition, the ATEAM database only enabled a 10'
resolution for precipitation while the amount of rainfall observations (19 295
stations) was much higher than those of diurnal air temperature range (10
727 stations) (New et al., 1999; Mitchell et al., 2002). The maximum
average error in mean monthly climatology of the ATEAM database as
based on cross-validation was 35 mm for precipitation, 1.1 °C for mean air
temperature and 2.1°C for diurnal air temperature range in our study area

(New et al., 1999).
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4.3 Results

4.3.1 Spatial patterns at the regional scale: the role of lithology
In total 73% of the almond orchards in Murcia is located on Quaternary

deposits, marls, shales and schists (Table 4.1).

Table 4.1. The area of almond orchards per lithological unit in the province
of Murcia.

Lithological units Almond orchards

Surface Deviation*
km?  fraction (%)

Quaternary 4462 0.079 5 a
Marls 2072 0.102 23 a
Limestone &
dolomite 2070 0.033 60 a
Shale & schist 762 0.136 64 a
Conglomerate 692 0.097 17 a
Marble 507 0.129 55 a
Other 634 0.079 S5 b
Overall 11385 0.083 0

* Deviation from the mean

a: p <0.0005

b: p <0.07

There is a marked concentration of orchards on marls, shales, schists and
marble. Probably the soils on these units provide a higher water availability
than those on limestone and dolomite. The soils on shales and schists are
shallow and have a high rock fragment content which reduces evaporation
losses (van Wesemael et al., 1996). This is confirmed by the water balance
simulations in Chapter 3 and in van Wesemael et al. (2006), which point out

that soil evaporation is considerably lower for stony soils on slates and
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phyllites than for marl soils. Another factor that probably plays a role is that
the marls and shales are mouldable, which facilitates the planting of new
trees and clean sweeping, which is the common form of tillage. The high
concentration of orchards on marble is surprising (Table 4.1). However, a
closer look at this unit reveals that it is a mix of mainly marble, shales and
schists (personal communication with G. Gonzalez). The marble outcrops in
Murcia are closely associated with shales and schists, which can make up
close to 50% of some of the marble unit grid cells. Almonds will not be
planted on the marble because the rock is quite hard. Hence, the plantations
of the marble unit are mostly located on the schists and shales. Furthermore,
it can be noted that the marble unit features abrupt transitions between rock

types and is not suitable for most other crops.

There is no simple explanation for the moderate concentration of almond
orchards on conglomerate (Table 4.1). The properties of conglomerates are
variable and their matrix can be hard or soft. From the maps it appears that
most of the orchards on conglomerate are located near Lorca and Puerto
Lumbreras in the south-west of Murcia province, where the conglomerates
are relatively soft (Fig. 4.1). This part of the province also has large areas of
schists and shales, which show the highest concentration of almond

plantations (Table 4.1).
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Figure 4.1. The spatial distribution of almond orchards and the lithological
unit "conglomerate" in Murcia province. Note that the almond data set does
not cover the north-east corner of the province.

The relative absence of almond orchards on limestone and dolomite is not
surprising. The soils on these units are typically shallow and the soil pockets
and cracks in the rock are not abundant enough to provide a deep storage of

water for the roots (ICONA, 1986). Percolation is quick and soils on

97



limestone are therefore relatively dry. The bedrock is not mouldable, which
complicates the planting of trees. Furthermore, the landforms of limestone
and dolomite in Murcia consist mainly of mountains and ridges with steep
slopes, prohibiting the cultivation of crops. The only areas on these units that

are suitable for agriculture are located in valleys and on pediments.
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4.3.2 Spatial patterns across the Mediterranean: the role of
climate

When considering the highest tree density observed at a given HI, there
appears to be a linear increase in maximum tree density with HI for HI range

0.17-0.47 (Fig. 4.2a).
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Figure 4.2. The relation between climate and (a) tree density (+* = 0.320, n =
58, p <0.001) and (b) projected canopy cover (+* = 0.319, n =40, p < 0.001)
in rainfed olive orchards. The orchard properties and data sources are listed
in Appendix 2. Climate data source: ATEAM database (Mitchell, 2002).
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At HI > 0.60, the maximum tree density remains constant at
approximately 400 trees ha™. This maximum can be related to two factors.
Firstly, olive shoots require direct sunlight to produce flowers and fruits
(Ferguson et al., 1994, pp. 31-38). Hence, higher densities may compromise
the productivity because the sides of the trees become shaded. Secondly,
mechanised management becomes less efficient when the distance between
the rows is less than 7 m (Navarro & Parra, 2004). Canopy cover versus H/
shows a similar behaviour, although somewhat less pronounced due to the
lower amount of observations available (Fig. 4.2b). It seems that the scatter
in canopy cover at a given HI is smaller than that of the tree density. This
suggests that the orchard canopy cover is adjusted more consistently to
climate than tree density. The correlations between the climate indices,

canopy cover and tree density are summarised in Table 4.2.

Table 4.2. The correlation () between climate indices, orchard canopy cover
and tree density. P = mean annual rainfall, A/ = humidity index, the
subscript "dry" refers to the average of the eight driest years from the period
1971-1995.

Projected  Tree density
canopy cover (trees ha™)

P 0.58%* 0.45%*
Py 0.61%* 0.44%
HI 0.57%* 0.57%*

Hyy 0.60%* 0.56%*

Tree density

(trees ha) 0.33* -
*p<0.05

** p <0.001

Canopy cover shows a stronger correlation with mean annual rainfall than
tree density (r = 0.58; p < 0.001). The observed relations are similar when

considering only the eight driest years of the 1971-1995 period (Table 4.2).
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It appears that mean annual rainfall is a better predictor of canopy cover than

of tree density.

A considerable part of the variability in tree density and canopy cover
that is not explained by climate probably results from differences related to
plantation age, cultivars, soil conditions and regional cultivation practices.
For example in south east Spain, a part of the olive orchards are old and
more traditional with low tree densities and large trees, whereas the modern
plantations are characterised by high densities and small trees (Beaufoy,
2003; Navarro & Parra, 2004). One important reason to apply higher tree
densities is the increase in yield during the first years after planting

compared to lower densities (Hendricks, 1996; Navarro & Parra, 2004).

Systematic differences in tree density between some regions in Spain are
illustrated in Figure 4.3. In Murcia and west Jaén the tree density is

somewhat higher than in south west Jaén, although the climate is more arid.
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Figure 4.3. Regional differences in the tree density and canopy cover of
rainfed olive orchards in Spain.

Traditionally, olive orchards in the more arid parts of Spain tended to be
planted in cafadas (Giraldez et al., 1988). These are the bottoms of small

valleys close to ephemeral channels, which benefit from runoff from the
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adjacent slopes and are often terraced. This may explain why the tree density
in west Jaén and Murcia is relatively high compared to southwest Jaén (Fig.
4.3). The orchards in southwest Jaén are larger and feature big trees that are

planted all over the landscape.
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4.4 Discussion and synthesis

It is clear that patterns of water availability exist at the regional and
Mediterranean scale and we attempt here to derive a number of (threshold)
conditions and factors that can be used to assess if the growth of cover crops
in a given location is possible without comprising the water availability to

the trees.

It is hypothesised that the maximum tree density reached at HI > 0.6
reflects the point where the production is no longer limited by water
availability (Fig. 4.2). This hypothesis can be strengthened by comparing our
results with the crop water requirement as calculated using standardised
FAO methodology (Allen et al., 1998). The crop water requirement for
optimal growth is calculated (Eq. 4.3):

ET.=K.ET, (4.3)

where ET, is the crop water requirement (mm) and K, a crop factor. In the
case of optimal water availability in areas with water shortage, the annual
precipitation (P) is equal to the crop water requirement (E£7,) and hence K. is
equal to HI (Eq. 4.1 & 4.3). The estimated K, for olive of 0.6 from Figure
4.2 is close to K, values reported in literature, which range from 0.55-0.75
(Allen et al., 1998; Villalobos et al., 2000; Ferguson et al., 1994, pp. 61-68).
This means that at locations where HI > 0.6, there is a surplus of water that
can be used to sustain the growth of a cover crop. This condition was
observed in parts of Crete, Italy, Syria and Portugal (Fig. 4.2). Possibly,
similar climatic thresholds can be defined for almond and other tree crops

based on documented K, values.
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For olive, the existence of a digital olive tree database for Spain entitled
"Sistema de Informacion Geografica Oleicola Espaiiol" (available via the
website of the Ministerio de Agricultura, Pesca y Alimentacion) allows to
compile tree density data for the whole of Spain. When this data is combined
with a climate database like ATEAM, the relations identified in this study
may be further explored. In addition, a link between the Oleicola database
and harvest data will enable to determine the tree spacing for optimal

production as a function of climate (HI).

Below the climatic threshold (HI < 0.6 for olive), the application of cover
crops must be restricted to avoid competition for water between the cover
crop and the trees. Under these conditions, the total canopy cover is clearly
limited by climate (Fig. 4.2). It can be considered to grow cover crops during
only a part of the season, i.e. the winter period, and on only a part of the
area, i.e. in zones of concentrated flow (e.g. Fiener & Auerswald, 2003;
Pastor et al., 2004). Depending on spatial patterns of water availability at the
province and field scale, specific locations with a higher water availability
may still enable the growth of cover crops. This is illustrated by the results
of §4.3.1, which show that the water availability at the province scale is
partly related to patterns in lithology. The Quaternary deposits and marls can
provide a larger rootable soil volume than limestone, dolomite and marble.
Soils on shale and schist are shallow and stony but friable, so that roots can
penetrate in the weathered bed rock. Furthermore, due to the low water
retention capacity of the stony soils, rainfall penetrates to a greater depth
where it is protected against evaporation. The presence of a stone mulch in
valleys further reduces the water loss by evaporation (van Wesemael et al.,
2000; Li, 2003). The presence of stone mulches is promoted by the regular
tillage of the orchards (Poesen et al., 1997; Oostwoud Wijdenes et al., 1997).
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Our observations point out that typically more than 60% of the soil
surface in olive and almond orchards in southeast Spain is bare (no canopy
or weed cover). Hence, the reduction in evaporation and the rapid infiltration
associated with the stone mulch on shale and schist soils have an important
positive effect on the water availability to the crop (Li, 2003; van Wesemael
et al. 2006). Additional research is required to quantify to what extent the
roots of the almond trees are able to benefit from the water availability

underneath the plough layer.

The previous discussion indicates that there are still opportunities for the
growth of cover crops at locations that are below the climatic threshold.
Depending on the rainfall regime, water for cover crops may be available in
zones of runoff concentration and thalwegs. Under these circumstances,
grassed waterways form an effective means of erosion control (Fiener &
Auerswald, 2003). The implementation of grassed waterways can even be
considered if this results in competition for water with the tree crop: the
thalwegs and grass strips cover a relatively small part of the field and hence

the overall effect on tree vigour and yields remains limited.
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4.5 Conclusion

At the province scale in Murcia, southeast Spain, there is a preference for
almond orchards to be located on stony soils on shales and schists and non-
stony soils on marls. This indicates that the spatial patterns in lithology and
soil properties can make a difference in terms of water availability and the
growth of cover crops. Stony soils feature low evaporation and runoff losses
compared to non-stony soils, since they have a low water holding capacity
which promotes percolation to the subsoil. The mouldable parent material of
marl deposits facilitates site preparation, planting and tillage of the orchards.
The occurrence of almond orchards on limestone and dolomite is low
because these rocks are not easily mouldable and their steep slopes are

unsuitable for agriculture.

The spatial variability in available water has important consequences for
the growth of cover crops in rainfed orchards. The upper limit of available
water and canopy cover in olive orchards is determined by climate, as
expressed by the ratio of mean annual precipitation and reference
evapotranspiration (HI). For HI < 0.5 this limit is described by a simple
linear relation between maximum tree density and HI. The olive canopy
cover reaches a maximum around HI = 0.6. At HI > 0.6 there is a surplus of
water that could be used to grow cover crops without compromising the
water availability to the trees. Below this threshold value, the growth of
cover crops is possible in locations with a relatively high water availability
as determined by spatial patterns in the landscape. Furthermore, the
application of cover crops can be adjusted to drier conditions by killing them

off in spring.
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The results of this study may serve as a basis for further investigations on
increasing the vegetative cover in rainfed orchards. In recent literature this
topic has received little attention, despite the fact that the major part of the
olives and almonds are grown under rainfed conditions. Combination of the
Oleicola olive tree database with yield records and the ATEAM climate
database will enable a more elaborate assessment of the opportunities for

cover crops in Spain.
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CHAPTER 5
THE IMPACT OF TERRACE FAILURE ON
HYDROLOGICAL CONNECTIVITY AT THE
CATCHMENT SCALE

This chapter has been submitted for publication in Hydrological
Processes: Meerkerk, A.L., van Wesemael, B., Bellin, N. Overland flow in
semi-arid catchments: the impact of terrace failure on hydrological

connectivity.

5.1 Introduction

Agricultural terraces form an important feature of sloping landscapes in
the Mediterranean and other semi-arid areas (Grove and Rackham, 2003).
Most have been constructed for agricultural purposes, and some of the older
terraces have been dated to ¢. 500 BC. The purpose of terracing and its effect
on hydrological processes depends on geology and soil properties (Grove
and Rackham, 2003). Terraces reduce the slope gradient and length,
facilitating the cultivation of crops on steep slopes. Furthermore, terraces
increase the infiltration of rainfall and run-on in areas with a moderate to low
soil permeability, which is commonly referred to as water harvesting

(Ennabli, 1993; van Wesemael et al., 1998; Yuan et al., 2003).

Despite the purpose and benefits perceived by the farmers who built
them, there has been a prolonged trend of abandonment and removal of
terraces in the Mediterranean, which goes back at least a hundred years

(Grove and Rackham, 2003). In many cases the maintenance of terraces has

108



ceased following land abandonment and in other cases terraces have been
removed to facilitate the mechanisation of cropping systems. As a result of
terrace failure and removal, a larger part of the landscape becomes
connected to the river by continuous pathways of concentrated overland flow
during storms. This implies that the discharge of ephemeral rivers in
agricultural landscapes may have increased over the past century. In the case
of land abandonment, the increase in connectivity may be mitigated by a
recovery of natural vegetation (Cerda, 1997; Ruecker et al., 1998). In the
case of continued cultivation it is likely that the probability of high peak
discharges and the flooding of downstream residential areas increases
following terrace removal. Other possible effects include an increase in

sediment fluxes (Ruecker et al., 1998; Koulouri & Giourga, 2007).

The concept of hydrological connectivity is a key element of our
understanding of rainfall-runoff processes in semi-arid catchments
(Cammeraat, 2004; Croke et al., 2005; Ocampo et al., 2006; Mueller et al.,
2007; Reaney et al., 2007). The presence and configuration of connected
features like pathways of concentrated flow and saturated thalwegs can
strongly affect discharge and sediment transport during storms (Western et
al., 2001; Cammeraat, 2004; Croke et al., 2005; Reaney et al., 2007). In
general, river discharge and sediment transport increase with increasing
connectivity, which is not captured by more conventional rainfall-runoff
models (Western et al., 2001; Bracken & Croke, 2007; Mueller et al., 2007,
Reaney et al., 2007; Verstraeten et al. 2007).

Despite a considerable number of studies that use or address the concept,

there is no broad consensus on the definition of hydrological connectivity

(Bracken & Croke, 2007) and quantitative measures are not well established.
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This may result from the fact that connectivity studies are often case-
specific, limited to particular land units and scales, and focused on the flux
of different elements like water, sediment and fauna (Amoros & Bornette,
2002; Hooke, 2003; Pringle, 2003; Stieglitz et al., 2003; Croke et al., 2005).
Different terminology similar to hydrological connectivity is used, including
"topographic connectivity" (Western et al., 2001), "fluvial coupling"
(Harvey, 2002), and "scale dependent thresholds" (Cammeraat, 2004). A
comprehensive review on the present use of the connectivity concept is
provided by Bracken & Croke (2007). They mention two issues that are
addressed in this chapter: the knowledge gap on the relation between storm
properties and hydrological connectivity, and the need for a quantitative
variable that can be measured in the field. Few studies are available that
address hydrological connectivity at the catchment scale and that present
field data on pathways of overland flow (Western et al., 2001). It appears
that most recent field studies have focused on the connectivity between road
networks and the river system (Wemple et al. 1996; MacDonald et al., 2001;
Arnaez et al., 2004; Croke et al., 2005).

The work of Western et al. (2001) in our opinion comes closest to a
general quantitative definition of hydrological connectivity. The use of
connectivity functions and the integral connectivity scale appears to be a
promising way to quantify hydrological connectivity (Allard, 1994; Western
et al., 2001). Connectivity functions provide a probabilistic model of
connectivity based on observed patterns of e.g. soil moisture and
concentrated overland flow. An advantage of connectivity functions is that
they are continuous in space and based on geostatistical principles. They can
be determined in one to three dimensional space and for different points in

time.
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In the context of overland flow we introduce a connectivity function,
which we refer to as the contributing area function. This function reflects the
extent and spatial configuration of the contributing area of overland flow and
enables to demonstrate the link between hydrological connectivity and

contributing area.

This chapter focuses on an agricultural catchment in south-east Spain, for
which detailed data were gathered on the presence of terraces and small
dams in 1956 and 2005 (Bellin et al., submitted). The chapter aims (1) to
quantify the hydrological connectivity by concentrated overland flow; (2) to
determine the effect of terrace removal and failure on hydrological
connectivity and peak discharge, based on the state of the terraces in 1956,
2006 and a scenario where all terraces have become permeable for
concentrated flow; (3) to determine the control of storm parameters, land use
and topography on hydrological connectivity and the occurrence of

concentrated overland flow.
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5.2 Materials and methods

5.21 Study area

The catchment is part of the Carcavo basin and is located in the region of
Murcia, Spain (38.20° N, 1.52° W). The extended subcatchment measures
475 ha (Fig. 5.1). A southern (180 ha) and southeastern (130 ha)
subcatchment are distinguished because of the limited extent of some of the
data sets and analyses (Fig. 5.1).

o

Cropland I:l South & southeastern subcatchment

Fallow for >= 1 year A Rain gauge

m River system 0 500 Meters

E Road segments I

Figure 5.1. Study area and land use. The contour of the extended
subcatchment is indicated by the dotted white line.
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The annual rainfall is 298 mm and the mean annual air temperature is
16.4° C (Almadenes station, period 1966-2000, 38.23° N, 1.55° W). The
climate is characterised by a high interannual rainfall variability and a
potential evapotranspiration of 1125 mm y' (Chapter 3). The geology
consists mainly of Cretaceous marls and Quaternary colluvial and alluvial
deposits. Furthermore, there are Cretaceous limestone and sandstone
outcrops, Triassic dolomites and gypsiferous marls, which are mostly
confined to the north and south of the extended subcatchment (Fig. 5.1). The
agricultural fields are concentrated on the marls and Quaternary deposits.
Their soils are classified as Calcaric Regosols with a silt loam texture and an
organic matter content of c. 6 g kg (ICONA, 1986). Granulometry and
hydraulic properties are provided in Chapter 3. Additional information on
the Carcavo basin has been published by Castillo et al. (2007) and Lesschen
et al. (2007).

The crops cultivated are almond, olive and grapevine. A part of the
agricultural land has been abandoned during the last decades, as documented
by Lesschen et al. (2007). This trend continued during the 2004-2007 field
work period, when some cereal fields were allocated for hunting and a
number of almond fields were no longer ploughed nor harvested. For the
application in this chapter we divide the agricultural area in two classes
based on the situation in January 2006. The class "cropland" is the area
where crops were actually grown and "fallow land" is the area that had not

been cultivated or ploughed for at least one year (Fig. 5.1).
The conservation structures in the area consist of terraces and check-

dams (Fig. 5.2). In general, they are not re-enforced with stones and do not

have a spillway. The dams are less than two meters high and occur in
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thalwegs with a gentle plan curvature. The terraces are on slopes and in
narrow thalwegs. The structures can be classified as "step terrace", "braided
terrace" and "check-dam terrace" according to the typology of Grove and
Rackham (2003). Most terrace risers are covered by weeds, depending on

age and stability.

400 Meters

Figure 5.2. Terraces and check-dams in 1956 (a). Terraces and check-dams
that were impermeable to overland flow in 2006 (b).

5.2.2 Survey and analysis of concentrated flow

Traces of concentrated overland flow were mapped after four storms in
2006 in the agricultural area (Fig. 5.1). The observed traces include rills and
sediment deposits on fields and dirt roads, erosion and sedimentation in
existing gullies, new gullies, pipes, signs of flow such as bent grass, mud
drapes after ponding of water on terraces and in depressions. In order to
carry out the surveys as quickly as possible two GPS systems were used at
the same time: a small hand held GPS (Garmin) with a 95% positional
accuracy of 10 m and a more sophisticated GPS (Trimble TSCe) with a 95%
accuracy of 1 m. The time lag between the events and the field survey was 6
days for event E1, 58 days for E2, 27 days for E3 and 3 days for E4. Rainfall

was measured at a one minute interval using a tipping bucket rain gauge
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(Fig. 5.1). The return period of the storms was determined from the 35 years
of rainfall data from Almadenes station. Individual events were

distinguished if dry spells lasted more than five hours.

The control of storm properties, land use and topography on the
occurrence of concentrated flow was characterised for the southern
subcatchment by means of scatter plots and regressions. One of the
independent variables was the storm erosivity index El3,, which is defined as
the product of the total kinetic energy of the storm and the 30 minute peak
intensity of the storm (Agnese et al., 2006). The energy term of the index
was calculated from the rainfall measurements (1 minute resolution) using
the general equation of van Dijk et al. (2002), which was adjusted for the

mean elevation of the catchment (Eq. 5.1:)
E, =29.48 (1-0.52¢°%") (5.1)

Where E, is rainfall kinetic energy (J m™” mm™) and R rainfall intensity (mm

h).

Three classes of land use were distinguished: cropland, fallow land, dirt
roads. The cereals fields were fallow in 2006 so that the class cropland
consists of perennial crops. These crops all feature a low vegetation cover
(typically less than 10%) and regular tillage (Chapter 3). A digital elevation
model (DEM) was interpolated from the 1:5000 topographical map using the
topogrid interpolation technique (Hutchinson, 1989). A cell size of 10 m was
chosen based on the 5 m contour interval of the topographic map. The flow
and land use data sets were converted to 10 m rasters as well. Flow paths

shorter than 10 m were excluded so that subsequent analyses would be
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consistent in terms of scale. The working hypothesis was that the
contributing area of runoff equals the area of 10 m grid cells through which
the observed flow lines run. This area is subsequently referred to as the area
producing concentrated flow (4y). In order to determine the distribution of
Ao over the land use classes, a buffer of 5V2 m was applied to the digitised
road segments to ensure that all 4, cells originating from flow lines on roads
would be attributed to roads. Without the buffer, a large part of these cells
would be classified incorrectly and considered off-road, whereas their centre

lies outside the road segments, which are only a few meters wide.

5.2.3 AQuantification of connectivity

In quantitative terms, connectivity is a binary variable defined for two
points separated by distance 4. Whether or not the two points are connected
can be determined based on a binary pattern that is derived from spatial
variable v (Allard, 1994; Western et al., 2001). In the case of hydrological
connectivity, v may consist of pathways of flowing water, saturated
thalwegs, soil moisture, etc. A binary field Z is produced by thresholding v,
so that Z consists of pixels with value 0 or 1 (Western et al., 2001). Let F be
the set of pixels with Z = 1. A pair of pixels is considered to be connected if
both pixels belong to F and if there is a continuous pathway of pixels
between them that also belong to F. The degree of connectivity in field Z is
defined as the probability that a pair of pixels separated by distance /4 is
connected. This is expressed by the connectivity function (%) (Eq. 5.2,
adapted from Western et al., 2001):

o(h) = P(xx + h) (5.2)
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The connectivity function of Eq. 5.2 is different compared to the function of
Western et al. (2001). The difference is that in Eq. 5.2, 7(%) is expressed as a
fraction of the pixels in Z, whereas in the equation of Western et al. (2001),
7(h) is expressed as a fraction of the pixels in F. Eq. 5.2 was used here to
enable a more straightforward comparison between 7(4) graphs of different
patterns. When (%) is scaled to F, then by definition 7(0) = 1. When (%) is
scaled to Z, 7(0) equals the fraction of pixels in Z that are part of F. Hence,
7(h) graphs produced with Eq. 5.2 not only provide the connectivity as a

function of 4, but also show the fraction of cells in Z with Z= 1.

It should be reminded that the term connectivity may refer both to the
binary variable (two objects being connected or not) and to the degree of
connectivity in field Z as a whole, which contains many objects. This may in
part explain the confusion on the term connectivity in the literature (Bracken
& Croke, 2007). The integral of the 7(4) function, denoted by /,, is defined as
the integral connectivity scale and represents the average distance over

which grid cells are connected (Western et al., 2001; Eq. 5.3):

1. = [(h) dh (5.3)

ce—3

7(h) can be referred to as the omnidirectional connectivity, which means that
any pathway that connects the pair (x, x + /) is considered valid, irrespective
of its trajectory or length. In the case of hydrological connectivity, a pair is
defined connected only if there is a valid hydrological pathway between
them, i.e. a pathway that is followed by a flow of water. We denote the
hydrological connectivity function as y(#) to distinguish it from z(%).

The contributing area of flow can be expressed as a connectivity function

as well, denoted by a(4). This function does not consider connectivity
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between random pairs of points like y(%), but the connectivity between a
point and a specific object like a catchment outlet or a permanent drainage
line. The specific object can consist of a point, line or surface, or a
combination of these. Let F' be the set of pixels in binary field Z with Z = 1,
let G be the set of pixels in Z outside the specific object and H the set of
pixels in Z that make up the edge of the specific object. The contributing
area can now be defined as the probability that a pixel in G separated by
distance / from H is connected to H. Distance 4 is defined here as the
minimum Euclidian distance between x and H. Pixel x is considered to be
connected to H if x belongs to F and if there is a continuous and
hydrologically valid pathway of pixels between x and H that belong to F as

well. The contributing area function a(/) is expressed as (Eq. 5.4):

o(hy=P(xox+th|xe G,x+h e H) 5.4)

More simply put, a(h) is the probability that a pixel x at distance 4 from a

specific object is connected to it.

Programs were written in C++ to implement the calculation of (%), w(h)
and a(h). This was based on the pseudocode provided for 7(4) in Western et
al. (2001). The w(h) algorithm uses a DEM as additional input, which was
derived from the 1:5000 topographical map (§5.2.2). Starting at the upslope
pixel of a pair of cells (x, x + &) in F, the y(h) algorithm considers adjacent
pixels as connected if they belong to £ and if their elevation is equal to or
lower than that of the upslope pixel (i.e. overland flow cannot flow in
upslope direction). Next, this rule is applied to all connected downslope
pixels until the entire pathway has been detected. If the downslope pixel of
the pair is part of the detected pathway, then the pair is hydrologically
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connected. The algorithm is similar to that for "topographic connectivity" of

Western et al. (2001).

In order to calculate a(h), the y(#4) algorithm was modified so that it only
considers pairs of which at least one pixel is part of the edge of the specific
object. Similar to I, the integral connectivity scale of w(/#) and a(h) is
denoted as I, and /,. The connectivity functions were calculated for the
observed pathways of concentrated flow and a number of scenarios (Fig. 5.3
& 5.4). The analysis was confined to the southeastern subcatchment because

of the limited extent of the data set of event E1 (Fig. 5.1 & 5.3).
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Figure 5.3. Pathways of concentrated flow after storms in 2006. The storm
properties are listed in Table 5.1. Note: the E1 data set only covers the
southern subcatchment (Fig. 5.1).
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Table 5.1. Storm properties and area producing concentrated flow (4p)
observed in the agricultural area of the southern subcatchment in 2006.

P* Lo® ElLy ¢ T Ao
Event (mm) (mmh') MImmha'h') (y) (ha)
E1 (January) 25.9 19.2 82.1 0.50 5.0
E2 (April) 11.4 30.0 35.8 0.12 0.2
E3 (September) 23.2 67.5 222 0.38 12.1
E4 (November) 92.8 55.8 709 8.2 233

® Precipitation sum; ° Ten minute peak intensity; ¢ Storm erosivity index
(Agnese et al., 2006); ¢ Return period of the event.

5.2.4 Scenarios of concentrated flow

Three scenarios of concentrated flow were defined based on storm E4, in
order to examine the impact of a decline of terraces on hydrological
connectivity (Fig. 5.2 & 5.4, Table 5.1). The first scenario represents the
situation in 1956 (denoted by S1), for which it is assumed that the
concentrated flow observed for event E4 is stopped if it arrives at a terrace or
check-dam that was present in 1956 (Fig. 5.2 & 5.4). The second scenario
(S2) represents a situation without terraces. For S2 it is assumed that the
flow lines observed for event E4 that enter a thalweg with an upslope
drainage area > 1 ha are not stopped by any barrier and run through the
thalweg into the river. Furthermore, it is assumed that the land use of S1 and
S2 is the same as in 2006 (E4) so that the presence of impermeable terraces
forms the only difference. A third scenario (SO) consists of a random
distribution of concentrated flow, where the number of flow pixels is equal

to that of E4.
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Figure 5.4. Pathways of concentrated flow generated by event E4 for
different scenarios of terrace failure and removal. S1: terraces of 1956
assumed intact (Fig. 5.2a); E4: situation in 2006 (Fig. 5.2b); S2: situation
without terraces. The scale bar is in meters.
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5.2.5 Estimation of runoff and discharge
The peak discharge from the cropland into the river was estimated using

the rational method (Shaw, 1994, Eq. 5.5).
0,=0278CiA (5.5)

where Q, is peak discharge (m’ s, C is the coefficient of runoff, i is the
intensity of rainfall (mm h"') during time 7, and 4 is the area of the
catchment in km®. 4 was replaced by 4., i.e. the area of concentrated flow
connected to the river. 7, is the time of concentration, which is the time
required for runoff produced at the most remote point to flow to the river. T

(minutes) was estimated with the Kirpich equation (Kirpich, 1940; Eq. 5.6):

L 0.80
T.=0.015| — 5.6
(\/Ej G0

Where L is the length of the longest flow path to the river (m) and S the
average slope gradient of that flow path. C (Eq. 5.5) was derived for period
[0, T¢] after the rainfall peak of the event, using the tipping bucket rain
gauge data and infiltration measurements (Fig. 5.1; Chapter 3). The runoff
production of the pixels connected to the river was calculated as a weighted
average based on the number of connected pixels on cropland and fallow. It
was assumed that runoff occurs after the initial abstraction has been reached,
and infiltration capacity was assumed to be equal to the saturated hydraulic
conductivity (K,). For cropland, K, was set at 26.1 mm h™! and for fallow
this was 19.3 mm h™'. The initial abstraction was set at 3.8 mm for fallow
and 6.5 mm for cropland. These are average values obtained from rainfall
simulations in the catchment (Chapter 3). The same figures were used for all
events, so that the runoff estimates do not account for differences in initial

soil moisture.
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5.3 Results and discussion

5.3.1 Storms and concentrated flow

The first three storms have a return period of 0.5 year or less (Table 5.1).
Depending on the definition of the duration of a rain event, the return period
of E4 varies from 2 to 23 years (Hooke & Sandercock, 2007). The figure of
8.2 years in Table 5.1 is obtained when individual events are distinguished if
dry spells last more than five hours. The area producing concentrated flow
(Ap) 1s small in general and reaches a maximum of 23.3 ha for E4 or 15% of
the agricultural area (Table 5.1 & Fig. 5.3). Event E2 generates little
concentrated flow because the rainfall sum (11.4 mm) and peak intensity (/9
=30.0 mm h) are within the observed range of initial abstraction (3 to 14
mm) and Ky, (16 to 36 mm h™'; Chapter 3). Therefore, only some parts of
the catchment produced runoff and concentrated flow during E2. The rainfall
depth of E1 and E3 is roughly twice that of E2. The ten minute peak
intensity of E3 is 3.5 times higher than that of E1 and the storm energy (E73)
and area with concentrated flow are about 2.5 times larger (Table 5.1 & Fig.
5.3). This illustrates the importance of the within storm rainfall distribution
for runoff production in semi-arid areas (Nicolau et al, 1996;
Puigdefabregas et al., 1998; Castillo et al., 2003; Reaney et al., 2007). Event
E4 was relatively large, and resulted in a number of terrace failures (Bellin et
al., submitted). When taking the four events of Fig. 5.3 together, 90% of the

flow lines consist of rills, 8% of gullies and 2% of other flow traces.
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5.3.2 Hydrological connectivity

The difference in the degree and maximum distance of hydrological
connectivity between the events and scenarios is illustrated in Fig. 5.5. The
shape of the connectivity functions is quite constant and typical for a random
pattern (Western et al., 2001). However, the random appearance of our
functions results from the seemingly random distribution of entire flow lines
rather than the random distribution of the individual pixels with concentrated
flow (Fig. 5.3). The difference is illustrated by comparing E4 to SO, which
have the same number of flow pixels (Fig. 5.5). The pattern of E4 shows a
higher degree of organisation and higher w(%) values because the flow pixels
are organised in randomly distributed lines, whereas the SO pattern is
entirely random, without distinct line elements. Note that y(0) equals the

area fraction of concentrated flow (§5.2.3).
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Figure 5.5. Hydrological connectivity function y(%) of concentrated flow for
a number of storms (Table 5.1). The input patterns are shown in Fig. 5.3 and
5.4 except for SO, which is a random pattern with the same number of flow
pixels as E4. The data extent is limited to the southeastern subcatchment
(Fig. 5.1). Note: w(0) is plotted at # =1 m.
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Figure 5.6. Contributing area function a(#) for a number of storms (Table
5.1). The input patterns are from Fig. 5.3 and 5.4, except for SO, which is a
random pattern with the same amount of flow pixels as E4. The data extent
is limited to the southeastern subcatchment (Fig. 5.1). The graph of S2 is cut
off at & = 440 m, since the number of pairs per 10 m lag bin decreases
quickly at larger 4 and the corresponding a(%) values are unreliable.
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Whereas the w(/) functions capture the overall degree of hydrological
connectivity, the a(h) functions illustrate the effect of storm properties and
the configuration of terraces on the contributing area of concentrated flow
(Fig. 5.6), which is obtained by summing up a(#) times the area of the
catchment in lag bin A4, for all values of 4. Hence, a(h) represents the
contributing area of concentrated flow as a function of the distance to the

river.

The degree of connectivity between the agricultural land and the river
(a(h)) is considerably larger than the degree of connectivity within the
agricultural land itself (w(4)) at a given lag distance (Fig. 5.5 & 5.6). This is
not surprising as the overall topography induces a convergence of flow lines
to the river (Fig. 5.4). The integral connectivity scale further illustrates that
the degree of connectivity to the river is larger than the overall degree of
hydrological connectivity, i.e. I, is consistently larger than /, (Table 5.2,

next §).

The a(h) functions are more irregular than w(/) because a(h) is more
sensitive to the spatial configuration of the flow lines (Fig. 5.5, 5.6). The
o(h) of storm S2 is higher for / values between 80 and 200 m than at the
river border (2 = 0 m). This feature reflects the fact that the fraction of
connected pixels with concentrated flow is larger between 80 and 200 m
from the river than at the river border (Fig. 5.4 & 5.6). Such a break in the
decline of a connectivity function with distance is not uncommon (Western
et al., 2001). In the case of the pattern of S2, the break is partly caused by
connected pathways that run more or less parallel to the river (Fig. 5.4).

These pathways typically consist of flow on roads and along terrace borders.
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The a(h) function of S1 approaches that of random pattern SO, confirming
the observation that a dense terrace network can strongly reduce the overland
flow to the river (Fig. 5.6). It should be noted however, that the terraces do
not prevent overland flow on dirt roads (Fig. 5.1 & 5.4, S1). The flow lines
on roads do not influence the a(4) function of S1 because they do not run all
the way to the river (Fig. 5.4). The w(h) function, however, captures all flow
lines, including those on roads, so that the y(/4) of S1 is larger than that of SO
at h>10m (Fig. 5.5, SO & S1).
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5.3.3 Effects of connectivity on discharge

The presence of terraces leads to a strong reduction in connectivity,
contributing area of concentrated flow and peak discharge (Table 5.2). It
should be noted that the error of the estimated peak discharge is unknown
and may be considerable, especially in the case of scenarios S1 and S2. No
field data are available that can be used to test the quality of the estimates.
Although scenarios S1 and S2 are based on acceptable assumptions, they do
not represent actual field observations of concentrated flow like the data set

of E4.

Table 5.2. Production of concentrated flow and discharge to the river
(southeastern subcatchment).

A, as % of Runoff

Ao® A.°  agricultural _ production® 0, d I,° 1,° f

Event  (ha) (ha) area (mm) (m*) (dm’s’) (m) (m)
El 3.62 0.24 0.2 0.7 1.7 1.7 05 1.6
E2 0.03 0.00 0.0 2.0 0.6 0.0 0.0 0.0
E3 7.67 0.84 0.7 5.3 44 9.1 1.1 6.3
E4 15.2 2.01 1.9 132 265 20 29 85
SO 15.2 0.55 0.5 15.6 85 11 1.1 2.6
S1 11.1 0.61 0.5 15.8 96 13 1.8 3.0
S2 17.7 12.2 11.2 13.4 1655 114 44 62.1

* Area producing concentrated flow.

® Contributing area of concentrated flow to the river.

¢ Average depth and total volume of runoff of the area connected to the river
(4.). E2 is an exception: 4. = 0 and the reported figures reflect the runoff
production of 4.

Peak discharge into the river (Eq. 5.5).

¢ Integral connectivity scale. The subscript y refers to hydrological
connectivity and a to contributing area.

"Values based on 4 € [0,400]. See also the caption of Fig. 5.6.

129



For a rainfall event in the order of 90 mm the contributing area to the
river system (4.) has increased by a factor 3.2 between 1956 (S1) and 2006
(E4; Table 5.2). If all terraces were removed (scenario S2), the contributing
area may further increase by a factor 6.0 compared to 2006 (E4), since more
roads and thalwegs become connected to the river (Fig. 5.4 & 5.6). The
sharp increase in contributing area from E4 to S2 is due to the different
spatial pattern rather than the extent of areas generating concentrated flow
(4p), which increases from 15.2 to 17.7 ha (+16%). /,, increases by as much
as 50%, I, by 630% and the estimated peak discharge by 470% (Table 5.2,
Fig. 5.5 & 5.6). Such breakpoints in hydrological response related to spatial
patterns, thresholds and scale have been documented previously and reflect
the non-linear behaviour of rainfall-runoff processes (Cammeraat, 2004;

Bracken & Croke, 2007; Frot et al., 2008).

Although the terraces are quite effective in reducing runoff to the river,
the blockage of overland flow is not absolute. Storms like E4 (7 = 8.2 years)
and larger result in terrace failure and overflow during the event. Field data
indicate that widespread terrace failure will occur during events with a return
period in the order of 10 years and more (Cammeraat, 2004; Bellin et al.,

submitted).

The peak discharge into the river is low because the fraction of the
agricultural land that becomes connected during the events is small (4;
Table 5.2). Even during E4 this fraction does not exceed 2%. Despite the
size of E4 (92 mm), most of the rain falls at intensities that are below K,

(Fig. 5.7).
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Figure 5.7. The rainfall intensity of storm E4 compared to the average K, of
cropland (26.1 mm h™) and fallow land (19.3 mm h™).

The last three peaks produce 21.9 mm of rain with an intensity above the K,
of both fallow and cropland, which is spread over 1.8 hours. This explains
why A, is smaller than might be expected from the large rainfall sum. Only
for S2 does A, reach a somewhat higher value of 11%. A crest stage recorder
in the Carcavo river downstream of the catchment indicated a peak discharge
of 1.59 m’ s during E4 (Hooke & Sandercock, 2007). The catchment
draining to that point was 5.7 km’ 4.3 times larger than the southeastern
subcatchment (Fig. 5.1), and consisted for about 80% of cropland and for
20% of reforested areas and semi-natural vegetation. If the runoff had been
produced homogeneously in space, then the peak discharge of the
southeastern subcatchment would have been in the order of 360 dm® s™'. The
estimated contribution of the agricultural area is an order of magnitude
smaller at 20 dm’ s™ (Table 5.2). This large gap suggests that there is another
and more important source of flow that contributes to the catchment
discharge. We think that a considerable amount of flow is generated in the
river channel itself (Fig. 5.1). Unfortunately, no observations are available to

test this hypothesis. In any case, it appears that without terraces, the overland
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flow from the agricultural area increases an order of magnitude and forms a

significant contribution to the peak discharge of the river (S2, Table 5.2).

Although the discharge from the agricultural land is quite low (Table
5.2), this is not uncommon in semi-arid catchments (Rockstrom & Valentin,
1997; Nasri et al., 2004; Chapter 3). For example Nasri et al. (2004) showed
that water harvesting structures can store essentially all runoff within the
cropland so that it remains disconnected from the river. Another study from
the Carcavo basin indicates that erosion and runoff on the croplands is
actually lower than in reforested and semi-natural areas (Castillo et al.,
2002). The authors argue that this remarkable observation is probably
explained by the relatively gentle slope of the croplands and their high
infiltration rate due to regular tillage and terraces (Castillo et al., 2007). Only
if the amounts of high intensity rainfall are large enough will the peak

discharge and connectivity to the river become significant.
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5.3.4 Concentrated flow in relation to rainfall and landscape
properties

A number of overland flow statistics are significantly correlated with
storm parameters, such as P, El;, and Ey (Table 5.3). The logarithmic shape
of some of them reflects the fact that the fraction of the area producing
overland flow and the connectivity functions cannot exceed one (Eq. 5.2 &

5.4).

Table 5.3. Significant relations between rainfall properties and concentrated
flow as observed for four storms (southern subcatchment).

Relation r? p Curve
Ap*vs. ELy" 099  0.004 logarithmic
Ls© vs. P* 0.96 0.017 logarithmic
Liax S vs. ELy 099  0.002 linear
n'vs. EL 0.93  0.032 logarithmic
1, % vs. ELy 0.98 0.008 linear
L"vs. EL, 0.96 0.017 logarithmic

* Area producing concentrated overland flow.

®Storm erosivity index.

‘ Median length of the flow lines.

Event precipitation sum.

*Maximum distance of overland flow to the river.
"Number of flow lines.

¢ Integrated connectivity scale (hydrological connectivity)
" Integrated connectivity scale (contributing area)

The concentrated flow is not distributed homogeneously over the
different land use classes in the catchment. There is a concentration of flow
on compacted surfaces like dirt roads and farmyards, which cover just a few
percent of the catchment. These surfaces have the lowest infiltration capacity
and surface roughness and are therefore the first locations to produce
concentrated flow. The fraction of flow on roads ranges from 27 to 53% and

decreases with event magnitude (Table 5.4). Event E2 was excluded from
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Table 5.4 because traces of flow on roads were no longer visible at the time
of the field survey. The relative importance of runoff on roads has been
widely documented (Wemple et al., 1996; MacDonald et al., 2001; Arndez et
al., 2004; Croke et al., 2005). Roads, terraces, field boundaries and tillage
often enforce flow patterns that contrast with the overall topography (Fig.

5.1,5.2,53 & 5.4).

Table 5.4. The area of grid cells producing concentrated flow (4,) per land
use class and event (southern subcatchment). 4, is expressed in ha.

Event Roads Cropland® Fallow * Sum
El 2.7 (54%) 1.6 (32%) 0.7 (14%) 5.0 (100%)
E3 4.7 (39%) 5.2 (43%) 22(18%)  12.1(100%)
E4 6.4(27%)  13.7(59%) 32(14%)  23.3 (100%)

“The cropland area measures 108 ha and the area of fallow land 44.5 ha.

With increasing storm intensity and duration, the fallow and cropland
start producing runoff as well. The area producing concentrated flow
increases more rapidly with storm size (Els) on cropland than on fallow
(Table 5.1 & 5.4). The difference is probably due to micro-topography and
soil properties. Due to regular tillage, the cropland has a higher infiltration
rate and a greater surface roughness (Fleskens & Stroosnijder, 2007; Chapter
3). The infiltration rate on fallow is lower due to crusting. The crust is
formed during the first rains after the last tillage pass, and transforms from a
structural crust to a thicker and more stable depositional crust if the field is
kept fallow long enough (Valentin & Bresson, 1992). The cultivated fields
therefore require a higher rainfall intensity and amount to exceed the
infiltration rate and surface storage and to produce overland flow.
Furthermore, terraces are more likely to be maintained on cropland, further
increasing surface storage. According to the observed events, the area

fraction with concentrated flow becomes larger on cropland (0.12 for event
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E4) than on fallow land (0.071) once the higher cropland thresholds are
exceeded (Table 5.4).

Analysis of topographic variables and the origin of flow lines (i.e. rills
and gullies) reveals no threshold for concentrated flow in terms of upslope
drainage area at the scale of the analysis. Consequently, the data show no
slope-area threshold as described for gullies by among others
Vandekerckhove et al. (1998). Of the flow lines 33% have an upslope area of
100 m” or less (n = 760). This means that the actual threshold of upslope
drainage area is quite low and is a function of variability at the plot scale
rather then topography at the field scale. The result supports the working
hypothesis that was used, i.e. that the actual contributing area of runoff
roughly equals the area of 100 m” grid cells through which the observed flow

lines run.

5.3.5 The use of connectivity measures

The application of connectivity functions adapted from Western et al.
(2001) demonstrates that connectivity functions provide a versatile tool to
quantify hydrological connectivity and to characterise the rainfall-runoff
behaviour of small semi-arid catchments. Our results show that the
contributing area of flow can be expressed as a connectivity function, which
illustrates the close relationship between hydrological connectivity and
contributing area. Furthermore, our results point out that the assumption of
catchment-wide runoff and a constant runoff coefficient is not valid in semi-
arid areas. Therefore, simple models that are based on a fixed contributing
area and a constant runoff coefficient, like the curve number method (Soil

Conservation Service, 1985), or that use area weighted infiltration properties
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produce rather poor predictions, especially for individual events (Mueller et

al. 2007, Chapter 3).

Our findings are in line with other publications that demonstrate that
rainfall-runoff and erosion models can be improved by incorporating the
impact of connectivity (Mueller et al., 2007; Verstraeten et al., 2007). A
prerequisite is the availability of spatial data sets, which can be collected by
means of field surveys and remote sensing. Examples of the use of satellite
imagery to incorporate the effect of vegetation patterns are provided by
Mueller et al. (2007) and Lesschen et al., submitted). Patterns of soil
moisture and concentrated flow could be derived by remote sensing as well

in areas with low vegetation cover.

A more empirical approach to improve discharge estimates would be to
establish the a(#) function of a catchment from field surveys of overland
flow. Our results suggest that the link between El;, the integral connectivity
scale (/,) and a(h) can be used to estimate the contributing area of
concentrated flow to the river or catchment outlet from rainfall data (Table
5.3 & Fig. 5.6). The a(h) function effectively summarises the extent of the
contributing area as well as its distribution in terms of distance towards the
river. This information of distance can be translated to an estimate of runoff
travel time and time to concentration. It will probably be more accurate for
the estimation of travel times to define /4 not as the Euclidian distance to the

river, as was done here (Eq. 5.4), but as the flow distance.
Once the properties of the contributing area are determined, the next step

is to estimate the runoff production at the pixel scale and to apply a

technique to deal with the transmission of the runoff to the river, taking into
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account the rainfall variability of the event and runoff travel times. This

could be an approach similar to the CRUM model (Reaney et al., 2007).
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5.4 Conclusion

It was shown that the degree of connectivity in spatial patterns of
concentrated overland flow can be quantified by means of connectivity
functions. The hydrological connectivity function reflects the presence of
connected features, whereas the contributing area function characterises the
contributing area to a specific object like a river system or catchment outlet.
The integral connectivity scale, which summarises the connectivity function
in a single number, is related to storm magnitude. It is possible to convert
storm magnitude into an estimate of contributing area and travel distance
distribution to the catchment outlet. Hence, connectivity functions can be

used to develop and improve rainfall-runoff models.

Terrace failure results in a strong increase in hydrological connectivity
and discharge in the agricultural catchment studied. The lack of terrace
maintenance between 1956 and 2006 has increased the contributing area to
the river system by a factor 3 for an event with a return period of § years. A
further increase by a factor 6 compared to 2006 is expected in the case that
all terraces fail and become permeable to overland flow. The discharge from
the agricultural land into the river is small during small and moderate storms
due to the limited contributing area. Widespread overflow and terrace failure
occurs only for storms with a return period in the order of 10 years and
more. Without terraces, the overland flow to the river would increase an
order of magnitude and would form a significant contribution to the peak

discharge of the river.
A large part (27-54%) of the concentrated flow is produced on dirt roads.

The fraction of flow that occurs on roads decreases with increasing storm

magnitude, whereas it remains stable on fallow land and increases sharply on
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croplands. There are no distinct topographic thresholds for the production of

concentrated flow at the scale of the digital elevation model (>=100 m?).
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CHAPTER 6
THE IMPACT OF COVER CROPS ON THE
ORCHARD WATER BALANCE

6.1 Introduction

The soil of orchards in temperate climates is commonly covered by grass
or other vegetation. This is not the case in semi-arid regions, where farmers
fear the competition between cover crops and the tree crop for the scarce
water resources. Hence, they generally prefer to keep the orchard floor bare,
which leads to accelerated soil erosion on sloping land. Cover crops in
orchards can either increase or decrease the individual terms of the water
balance compared to conventional practices (Ingels et al., 1998). The
magnitude of these changes in the individual terms depends on climate,
cropping system and soil conditions. The overall impact on the water uptake
by the main crop is therefore site-specific. The most frequently cited benefits
of cover crops are an increase in infiltration and hence a decrease of runoff
on sloping land as well as an improved soil structure (Ingels et al., 1998;
Hartwig & Ammon, 2002; Pastor, 2004). The most notable drawback is the
potential increase in water use through transpiration of the cover crop, which
may be higher than the evaporation from a bare soil and can therefore
increase the water stress of the tree crop during dry spells (Ingels et al.,
1998; Hernandez et al., 2005). The implementation of a cover crop can be
considered impracticable if this leads to a reduction in the water uptake by

the main crop (i.e. water stress), yield or profit margin.

Still little 1s known about the threshold conditions for the successful

implementation of cover crops in orchards, both in physical and economical
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terms, as discussed in §2.4.3 and §2.4.4). Publications that discuss the use of
cover crops mention that competition for water may be a serious issue in
rainfed systems (Ingels et al., 1998, Hartwig & Ammon, 2002). However,
these sources hardly provide field evidence about where and when
competition is a problem and leads to a significant yield decline. Hartwig &
Ammon (2002) state that competition for moisture is minimal in orchards in
areas with more than 1100 mm of annual rainfall, or when the cover crop is
killed early in the growing season. A field study from central Spain with an
annual rainfall of 490 mm seems to support this finding, as three cover crop
treatments did scarcely compete for water and olive yields were reduced
about 10% compared to conventional tillage during the five years of the
experiment (Hernandez et al., 2005). The cover crop was killed off or
mowed back to a few centimetres at the end of spring. Cover crops are
probably unfeasible at an annual rainfall of 300 mm or less, as was
illustrated by the water balance study and field observations presented in

Chapter 3.

Crop yield data from Jaén, Spain, show that mowing the orchard floor
vegetation in spring may decrease olive yields compared to regular tillage
(2-4 passes per year, Pastor et al., 2004). Chemical weeding, however, was
found to increase yields. More field evidence is required to delineate the
physical thresholds for the application of cover crops, and to find out which
management strategies are most effective to minimise the competition for

water as well as adverse yield effects.
It can be noted that unlike for annual cropping systems, no widely tested

water balance and crop growth models are available for tree crops. An

orchard does not have a uniform canopy cover, but a heterogeneous pattern
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made up by the tree canopy and the orchard floor. The fraction of canopy
cover is site-specific, and the properties of both the canopy and soil cover
change throughout the year, depending on crop development and orchard
floor management (Connell et al., 1996; Goldhamer, 1996; Tubeileh et al.,
2004). One of the challenges for modelling the water balance of this
complex system is the calculation of evapotranspiration, as was illustrated in
§2.2.4 under the heading "Olive, almond and grapevine". Another is the
partitioning of the water uptake and evapotranspiration between the trees and

a living cover crop (Tjhie, 1991; Annandale et al., 2003).

The aim of this chapter is to compare the water balance of a treatment
consisting of regular tillage of the traffic lane and a treatment with a cover
crop. The specific objectives are (1) to compare soil moisture levels between
a tillage and cover crop treatment; (2) to put the observed differences into
perspective by simulation of the water balance of the traffic lane and (3) to
study the effect of the length of the cover crop growing season on soil
moisture levels during the summer. The hypothesis is tested that the length
of the cover crop growing season influences the duration and degree of water
stress of the tree crop during the summer period. The study is based on a
field experiment in an olive (Olea europea L.) orchard near Sevilla, south-

east Spain.
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6.2 Materials and methods

6.2.1 Field experiment

The olive orchard is located close to Benacazon in the province of
Sevilla, Spain (37°20' N; 6°13' W). The average annual temperature is 17.9
°C, the annual precipitation 520 mm and the potential evapotranspiration
1220 mm y™' (data derived from the ATEAM climate database: Mitchell et
al., 2002). The soil is classified as a calcaric regosol (FAO, 1990) and has a
loamy texture. The tree spacing is 6.5 by 5 meters and the plantation age is
approximately 20 years. According to the manager of the field experiments,
the orchard is under drip-irrigation from spring to September (personal

communication with J.A. Gomez).
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The soil of the tree line was kept weed-free by herbicides and was not
ploughed. Two treatments were applied in the traffic lane, which is a strip of

effectively four meters wide that is not covered by the tree canopy (Fig. 6.1).

Figure 6.1. Overview of the tillage treatment (upper photo) and cover crop
treatment (lower photo) in January 2007.

The lanes of the treatment run in the slope direction. They have a convex

profile curvature and a straight plan curvature. The tillage treatment (TI)

144



consisted of regular tillage over a depth of 10-15 cm (2-4 passes per year), in
order to suppress weeds in the traffic lane (Fig. 6.1). A duckfoot chisel was
used, so that the soil was not turned upside down, but was merely lifted and
loosened, cutting the roots of the weeds. The cover crop treatment (CC)
consisted of ryegrass (Lolium rigidum Gaudin), which was sown at the start
of the winter in 2004, 2005 and 2006. Chemical weeding took place on 23-4-
07 and 18-3-08. The remnants of the cover crop were left as a mulch and the
soil was not tilled during the entire period. Yields were measured for 20

trees per treatment in October 2007.

Soil moisture was measured at an upslope and midslope position for both
treatments using theta-probes (model ML2x, Delta-T Devices Ltd.,
Cambridge). The slope was about 50 m long with a gradient of 7% at the
upslope position and 17% at the midslope position. The probes were inserted
sub-horizontally (the prongs pointing upward in order to prevent disturbance
of the signal by water flow along the cable) at a depth of 45 cm. This
allowed studying the percolation of rainfall to the subsoil, which forms the
main water source for the trees during dry spells (see also Chapter 3).
Furthermore, the depth of 45 cm was chosen to avoid damage to the sensors
and cables in the lane with regular tillage. The sensor readings were stored
every hour on a data logger. Meteorological variables were recorded by an
automated station at the foot of the slope in the traffic lane. The
measurements included air temperature, relative humidity, wind speed and

incoming solar radiation.
6.2.2 Simulation of the water balance

The water balance of the traffic lane was simulated based on the observed

weather and soil properties in 2007 (from day of the year (DOY) 19 to 242).
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The model is limited to the traffic lane where we consider only the water
uptake by the cover crops. The difference in water availability for the tree
crops between the two treatments will then be discussed based on the
differences in evapotranspiration and drainage between the cover crop and

tillage treatment.

The simulation exercise was done with the BUDGET water balance
model (Raes et al., 2006). The model has been shown to be robust and is
able to simulate the water balance of a bare soil or a single crop. BUDGET
has been successfully applied in a range of environments (Raes et al., 2006;
Meerkerk et al., accepted). The lysimeter experiment presented in Chapter 3
showed that BUDGET is capable to simulate the water balance of the bare
soil in a realistic way, even if some of the soil parameters, which cannot be
derived from field measurements, are left uncalibrated. The water balance of

this application can be expressed as (Eq. 6.1):

AS:P'Qoff-D-ETa (61)

Where AS is the change in soil moisture storage over a given time interval, P
is precipitation, Q¢ is runoff, D is drainage, and ET, is the actual
evapotranspiration (Allen et al., 1998). All terms are expressed in mm. A
more detailed description of BUDGET is provided in Chapter 3, Raes (2002)
and Raes et al. (2006). The infiltration of run-on was ignored because it
could not be quantified or simulated given the available data. This is a
reasonable assumption, since mapping of rills and sediment deposition in the
Cércavo basin (Chapter 3) showed that run-on is only important upslope of

dams or terraces .
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The TI treatment was represented in the model as a bare soil. The soil
properties of the test lanes were measured in 2005 for the 0-10 cm and the
10-20 cm layers (Table 6.1). The measurements included texture, organic
matter, saturated hydraulic conductivity and water retention curves. The
same soil input was used for both treatments, so that the TI and CC runs are
identical, except for vegetation cover. The soil was represented in the model
by 9 layers, with a thickness (from top to bottom) of 5, 5, 5, 5, 10, 10, 10, 25
and 25 cm. The deeper soil layers were assumed to have the same properties
as the 10-20 cm layer. Runoff was estimated with the curve number method,
which is incorporated in the BUDGET model (Soil Conservation Service,

1985). A curve number of 65 was applied for both treatments.

Table 6.1. Soil properties of the orchard used for the model runs.

Depth  Sand Silt Clay oM * WP ° FC*© SAT Y Ko ©
(cm) (gkg) (gkgh) (gkgh (gkgh) (@'m?) @'m’) @' m?) (mmh’)
0-10 506 340 154 13 0.11 0.28 0.39 11

10-20 363 436 201 8 0.08 0.26 0.37 39
* Organic matter
® Soil moisture at wilting point (pF = 4.2)
¢ Soil moisture at field capacity (pF = 2.0)
¢ Soil moisture at saturation (pF = 0)
¢ Saturated hydraulic conductivity

The evapotranspiration from the vegetated surface is modelled in
BUDGET using the FAO approach, based on the so-called reference
evapotranspiration (£7p) and crop factors (K ; Allen et al., 1998; Raes et al.,
2006). See also §2.2.2: "Crop water requirements". The ryegrass cover crop
has a K. value of approximately one, which corresponds to an albedo of 0.23
(Allen et al., 1998). The potential crop evapotranspiration (E7.) and the
actual crop evapotranspiration (ET,) are derived from ETy. ET. is the product

of K. and ET,. ET, becomes smaller than ET, in times of water shortage.
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It was assumed that the ryegrass albedo is constant throughout the year
and applies both to the growing cover and to the mulch after chemical
weeding. The albedo of the bare soil was estimated at 0.20 when dry and
0.11 when wet. These figures were selected based on albedo values of
comparable soils combined with photos from the orchard (Chapter 3; van

Kraalingen & Stol, 1997; Post et al., 2000).

Due to gaps in the weather data, the simulations were restricted to the
following days in 2007: day of year (DOY) 19-242, excluding 95-113, 127-
129, 134-137, 148-157, 180-200. For gaps of just one day, the missing
weather data was interpolated from the preceding and next day. This
concerns DOY 120, 132, 141, 162 and 169. The larger gaps were omitted
from the run. For example, the model run assumes that day 201 follows
directly after day 179, given the gap of day 180-200. The implications for

the interpretation of the model results are discussed in §6.3.3.

Three runs were distinguished that differ with respect to the date on
which the cover crop is killed. These dates are the end of March (CC-1), the
end of April (CC-2) and the end of May (CC-3).

Additional simulations were done to examine the sensitivity of the model
to rooting depth and evaporation depth. Both were set at either 30 or 40 cm
and a number of different combinations were considered. The mulch cover
outside the growing season was set at 35%. BUDGET calculates the effect of
a mulch on soil evaporation as follows (Eq. 6.2, adapted from Allen et al.

1998):
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Eo=(1-m/2)ETvae soi (6.2)

Where E| is the potential evaporation, m is the fraction of the soil covered by

the mulch, and E7y.. 501l 1S the potential evapotranspiration of the bare soil.
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6.3 Results and discussion

6.3.1 Field observations

The amounts of rainfall in 2006 and 2007 around Sevilla were within the
range of one standard deviation of annual precipitation. The annual sum
amounted to 670 mm in 2006 (average of 6 stations), which is 0.98 standard
deviations above the long term average (1971-2000, ATEAM database, New
et al., 1999). Rainfall during January - October 2007 was 370 mm, which is

0.87 standard deviation below the long term annual average.
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Figure 6.2. Daily rainfall and soil moisture at 45 cm depth in the traffic lane.
TI = tillage treatment; CC = cover crop treatment. The arrow indicates the
date on which the cover crop was killed. Note that the rainfall record is
restricted to days 19-242 in 2007 and is not complete (see also §6.2.2).
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The soil moisture content is at field capacity during the winter season
(DOY 325 - 140; Fig. 6.2, Table 6.1). The rainfall during the period October
2006 - January 2007 was 380 mm.

The CC treatment shows systematically lower soil moisture levels than
the TI treatment, except for the winter period of 2007-08 (November -
February). The midslope sensor of the tillage treatment returns markedly
higher readings than the rest up to November 2007. The difference compared
to the cover crop reaches a maximum of 0.085 m* m” on day 200. The CC
treatment shows a greater oscillation of soil moisture in time (Fig. 6.2). The
most likely explanation is that the total amount of water extracted by plants
is larger for the CC treatment and hence, the decrease in moisture following
recharge is larger than for the TI treatment. This difference can only be
caused by evaporation or transpiration. At a depth of 45 cm it is unlikely that
the decrease in soil moisture is due to evaporation. This is for example

illustrated by the lysimeter experiment discussed in §3.3.2.

It appears that the trees of the CC treatment extract more water from the
subsoil during the dry season than those of the TI treatment. The difference
between subsequent highs and lows in soil moisture is considerably larger
for the CC treatment (DOY 113-320; Fig. 6.2). The cover crop is dead during
this period and does not extract any water, so that the difference can only be
due to a larger water uptake by the trees of the CC treatment. A more
detailed inspection of the data reveals that the increase of soil moisture after
rainfall is systematically greater for the CC treatment (Table 6.2). It
therefore appears that the cover crop and subsequent mulch increase the
percolation of rain water into the sub soil. This could be due to increased

infiltration compared to the TI treatment. Nevertheless, no final conclusions
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can be drawn due to the low amount of observations and the limited time of

measurement.

Table 6.2. Average increase in soil moisture at 45 cm due to rainfall.

AS
(m’ m")
Period (DOY) Tillage Cover crop
28-35 0.042 0.047
38-40 0.000 0.004
51-54 0.004 0.010

121-123 0.047 0.087
236-238 0.007 0.126
323-330 0.063 0.180
1-7 0.028 0.097
48-56 0.036 0.068

The difference in the soil moisture response to rainfall increases over the
course of 2007. Most notable is the large rainfall on day 237, for which the
recharge is minimal for TI and outspoken for CC (Fig. 6.2). Apparently, the
rainfall did not penetrate up to the depth of the upslope TI sensor. The reason
may be that the TI treatment generated more runoff and less infiltration than
the CC treatment. The beneficial effect of cover crops on soil structure and
porosity is widely documented (Ingels et al., 1998; Hartwig & Ammon,
2002). A field visit in October 2006 showed that the CC soil had a loose,
fine structure, whereas the plough layer of TI was massive and easily

compacted by traffic when moist.

The results show that more soil moisture was taken up from the subsoil
by plants in the CC treatment, as illustrated by the difference between the
maximum and minimum soil moisture content of the treatments, which is on

average 0.18 m’ m” for CC and 0.13 m’ m> for TI (Fig. 6.2). It therefore
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appears that the CC treatment increases the water uptake at 45 cm depth

compared to TL

Although the soil moisture is lower for the CC treatment during the cover
crop growing season in 2007 (day 19-113), the observed values are well
above levels associated with plant water stress. The soil moisture did not
drop below 0.25 m® m™ (pF = 2.1). The results therefore suggest that the
cover crop does not limit the water uptake of the trees from the subsoil

during the winter.

The olive yield in October 2007 was on average 76.5 kg tree” for the
trees bordering the CC lane and 83.6 kg tree”’ for those bordering the TI
lane. The difference is statistically significant at p = 0.05. Nevertheless, the
difference is not very pronounced and olive yields are highly variable

between years. Therefore no conclusion can be drawn on the yield effect.

There are many other factors that could have caused the observed yield
difference. For example, Ingels et al. (1998) mention that winter annual
grasses require large quantities of nitrogen, which can delay the nitrogen
availability to the main crop and reduce its vigour. Hence, the overall effect
of the cover crop on tree vigour encompasses more than just water
availability. In any case the observed yield decrease under the cover crop
treatment is small and might be acceptable when erosion control has a high
priority or when it is offset by an increase in profit margin compared to
regular tillage. Given the alternate bearing property of olive crops and the
high interannual rainfall variability, a longer series of yield data is required

to verify if the observed decline is systematic.
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6.3.2 Water balance simulations

The simulation results are discussed here within the framework of the
model of the traffic lane, which excludes the water uptake by the trees. The
simulation period is restricted to DOY 19-242 in 2007. The simulations that
were done to investigate the sensitivity of the model to evaporation depth
and cover crop rooting depth are not discussed separately, because the
model output is similar. All results presented here are based on an
evaporation depth and cover crop rooting zone of 40 cm unless indicated

otherwise.

100

Rainfall (mm)

20 60 100 140 180 220
day of year

Figure 6.3. ET, of the tillage and cover crops treatments. The cover crop is
killed on DOY 90 (CC-1) or 151 (CC-3), as indicated by the arrows. CC-3 is
only plotted from the first arrow onwards. Prior to that point, the curve is the
same as of CC-1.
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The simulations reveal a number of differences between the treatments
(Fig. 6.3). The ET, of the bare soil (TI) is on average 8.3% larger than that of
the cover crop under wet conditions (DOY 20-73). This is directly related to
the lower albedo of the soil surface: more solar energy is absorbed so that
ET, and ET, are larger. Because the bare soil dries out more quickly, ET,
becomes smaller than that of the CC treatment at the start of dry spells (i.e.
day 74, 84, 161). The reason is that the CC soil has more moisture left to
evaporate at that point. Hence the vegetation cover moderates £7, and delays
the date at which the water in the top soil is depleted during droughts. An
additional consequence is that the vegetation cover results in lower soil
temperatures compared to an orchard floor consisting of bare soil (Snyder &

Connell, 1996; Ingels et al., 1998).

The mulch of the residues of the cover crop reduces the E7, of the CC
treatments during the summer (Fig. 6.3). CC-3 has the longest cover cop
growing season so that cumulative E7, is highest and drainage lowest (Table

6.3).

Table 6.3. Sum of drainage below 40 cm (D4) and ET, for 167 days from the
period DOY 19-242. Due to missing data, 57 days are excluded (see §6.2.2).
ETa D40

Run* (mm) (mm)

TI 203 106

CC-1 185 111

CC-2 190 106

CC-3 196 105
* CC-1: cover crop killed at the end of March; CC-2: at the end of April;
CC-3: at the end of May.

The effect of the mulch of the cover crop treatments on ET, during the
summer is larger than the effect of the difference in albedo, as illustrated by

DOY 124-142 and DOY 238-242 (Fig. 6.3). During these periods the ET, of
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CC-1 is about 1 mm day™ smaller than that of TI, whereas the decrease in
ET, due to albedo is on average 0.08 mm day "' (DOY 19-73). It can be noted
that the albedo is a function of soil and crop properties, as well as the
humidity of their surface, and varies in space and time. The soil albedo
typically ranges from 0.11 to 0.40 when dry and 0.04 to 0.16 when wet (Post
et al., 2000). A green vegetation cover has an albedo in the order of 0.12 to
0.23. Therefore, in some cases the E7) of the bare soil will be larger than of
the cover crop and in other cases it will be smaller. The albedo of the bare
soil of the simulations was always lower than that of the cover crop (§6.2.2;

Fig. 6.3).

The effect of a mulch consisting of dead grass is more straightforward
than the albedo effect. A mulch decreases soil evaporation compared to a
bare soil. There are many studies that show the effectiveness of mulches to
reduce evaporation (Li, 2003; Mellouli et al., 2000). Although it is clear that
the mulch reduces ET, and ET,, the magnitude of the effect cannot be
directly evaluated from the simulation. The model result is based on the
assumption that the mulch covers 35% of the soil. This translates to a
reduction in Ey, of 18% (Eq. 6.2). This is a conservative figure when
compared to the field situation in Oct 2006, when the mulch covered close to

100% of the soil.

Once the cover crop of CC-3 is killed on day 151, E7, and soil moisture
converge to those of CC-1 (Fig. 6.3 & 6.4). The soil moisture of the CC
treatments is similar to the TI treatment during the growing season of the
cover crop (Fig. 6.4). When the cover crop of CC-1 is killed, the soil
moisture increases by 0.02 to 0.04 m® m™ compared to the TI treatment due

to the reduction in evaporation losses induced by the mulch. Hence, the
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results suggest that the water availability is larger for the CC treatment in the
summer if the crop is killed on day 90 (CC-1). Treatment CC-3, however,
has a similar soil moisture content as the TI treatment during the summer.
This is probably because the cover crop is killed during the dry spell (day
126-236): the mulch makes a smaller difference when soil moisture and

evaporation rates are low.

0.32

0.28

0.24

0.20 ~

0.16

Soil moisture (m3¥m?3)

?

0.08 ‘ ‘

0 50 100 150 200 250
Day of year

0.12

Figure 6.4. The soil moisture of the 0-40 cm layer for tillage and cover crop

treatments. The cover crop is killed on day 90 (CC-1) or day 151 (CC-3) as
indicated by the arrows.
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6.3.3 Comparison of model output and field data

The model cannot be validated in terms of soil moisture because it
excludes the water uptake by the trees. Nevertheless, it is possible to
compare the modelled soil moisture of the 30-40 cm layer with the measured
soil moisture at 45 cm. Given the simplifications of the model, it is not
surprising that the agreement between measured and modelled soil moisture

is not very strong (Fig. 6.5).
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Figure 6.5. Comparison of modelled and observed soil moisture. The field

observations represent the average of two measurements per treatment (Fig.
6.2).
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Apart from the exclusion of the water uptake by the trees, the
disagreement between the model and the observations is probably related to
the simplified representation of the soil and the complex processes of
infiltration, water extraction, percolation and redistribution. The modelling
exercise illustrates that the accurate simulation of the water balance of
relatively complex cropping systems such as orchards remains a challenge. It
can be noted that the results presented were obtained without model
calibration. A calibration exercise would improve the agreement, but not the
capability of the model to simulate the soil moisture for locations with

different soils and cover crops.

Some of the deviation of the model results compared to reality is caused
by the gaps in the weather data. The soil moisture observations show that the
difference in moisture before and after the gap is below 2% for all gaps,
except for DOY 180-200, when it was 3.2% for the CC treatment (Fig. 6.5).
Without the gaps, the modelled moisture would have shown a stronger
decline after DOY 125, and would have better followed the behaviour of the

observations.
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Figure 6.6. Modelled drainage below 40 cm (bars) and observed soil
moisture at 45 cm (lines). The model run assumes an evaporation depth of
40 cm and a cover crop rooting zone of 30 cm. The cover crop is killed on
day 90 (ten day period 8 in the graph).

The observed soil moisture can also be compared to the simulated
drainage from the 0-40 cm layer (Fig. 6.6). As discussed previously, the
observed increase in soil moisture at 45 cm following rainfall is
systematically larger for the CC treatment (Table 6.2). This means that the
simulated drainage below 40 cm should be larger as well. It appears that up
to the ninth decade, the model realistically mimics an increase in drainage
for the CC treatment (Fig. 6.6). This results from the fact that the simulated
ET, of the cover crop is lower and the soil moisture higher (Fig. 6.3 & 6.4).
The large event of day 237 (decade 17 in Fig. 6.6) however caused no
drainage below 40 cm according to the model. This is realistic for TI, where
the increase in soil moisture at 45 cm was 0.007 m® m™, but not for CC
where it was 0.126 m’ m> (Table 6.2). It could be attempted to improve the
simulated drainage by estimating the runoff of the TI and CC treatment

separately.

160



6.4 Conclusion

The water balance of the traffic lane of an olive orchard was compared
for a treatment with regular tillage and one where a cover crop was grown
during the winter months. The average annual rainfall of the orchard near
Benacazén, Sevilla, is 520 mm. Soil moisture observations at 45 cm depth
strongly suggest that the cover crop treatment increases percolation as well
as the moisture uptake from the subsoil in the traffic lane. There were no
signs of competition for water between the trees and the cover crop during
the winter period, while soil moisture levels remained close to field capacity
(> 0.25 m® m™). The results suggest that the cover crop treatment increased
the water uptake from the subsoil during the summer. The olive yield was on
average 8.5% lower compared to the tillage treatment. Additional field
observations and a longer measurement period are required to confirm and
explain the yield effect. While the yield decline is small, the application of
cover crops may be a feasible option. An economic analysis is required to

determine the difference in profit margin between the two systems.

Simulation of the water balance reveals two factors that contribute to an
increase in available water to the trees under the cover crop treatment.
Firstly, the mulch provided by the residue of the cover crop reduces soil
evaporation during the summer. Secondly, the cover crop system has a
higher albedo and lower ET, than the bare soil. It should be noted however,
that albedo values vary in time so that the effect on the difference in ET.
between the tillage and cover crop treatment is not constant. On locations
with a very light coloured soil, a cover crop may actually increase ET.
compared to the tillage treatment. For the orchard at Benacazdn, the effect of

the mulch on the reduction in E7, is larger than that of the albedo difference.
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The BUDGET water balance model is able to reproduce two important
aspects of the water balance of the traffic lane, which are the ET, and the
drainage to the subsoil, which is larger for the cover crop treatment. The
simulations suggest that the cover crop treatment will only increase the
available water during the first part of the summer when it is killed early in
the spring. Otherwise, the mulch is established too late to reduce the ET, of

the traffic lane following the last spring rains.
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CHAPTER 7
CONCLUSION

7.1 Main findings

Rainfed orchards cover a considerable part of the agricultural land in the
Mediterranean. The sustainability of the cropping system is questionable in
dry areas due to a decrease of water availability as a result of global
warming and high erosion rates. It is expected that rainfall in the
Mediterrancan will decrease and become more variable, and that
temperatures will increase (Olesen & Bindi, 2002). The modern cropping
system is characterised by a decline in SWC structures and an increase in

field size (Beaufoy, 2003; Grove & Rackham, 2003).

There are two main strategies to mitigate the degradation and
abandonment of orchards in drylands. The first is to increase the water use
efficiency of the cropping system and the second is to minimise soil erosion.
The results of Chapter 3 show that the evaporation from the top soil forms
the largest loss of water in rainfed orchards. It appears that the practice of
clean sweeping (i.e. frequent shallow tillage) limits the water availability in
orchards on loamy soils with an annual rainfall in the order of 300 mm.
Clean sweeping constrains the root growth in the plough layer (upper 15
cm), so that the trees cannot access the water from light rainfall. This is a
serious drawback, because a considerable part of the rain events are in the
order of 10 mm or less. The percolation of water to the subsoil is more
pronounced on stony soils than on marls, due to the low water holding

capacity and high stone content.
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Runoff is of minor importance for the water availability in dry areas,
since the annual runoff coefficient of the orchards is low (0.7 - 5.2%;
Chapter 3). Nevertheless, infiltration of overland flow in depressions, and on
downslope terraces, can significantly increase the water availability and tree

vigour at these locations, illustrating the use of water harvesting techniques.

The vulnerability of rainfed orchards to land degradation and global
warming depends on spatial patterns of water availability at different scales.
Chapter 4 points out a pattern related to lithology at the regional scale
(Murcia province, south-east Spain). It appears that there is a significant
concentration of almond orchards on shales and schists and to a lesser extent
on marls. The preference for stony soils is probably related to the relatively
high water availability, which results from the lower evaporation loss
compared to marl soils. The stones promote percolation to the subsoil
because they decrease the volume of fine earth and the water holding
capacity of the soil. The concentration of orchards on marls is probably due
to the mouldability of the soft bedrock, which facilitates the site preparation
and planting of new orchards. The relative absence of orchards in limestone
and dolomite arecas may be explained by the fact that these rocks are not
easily mouldable and often coincide with mountainous terrain. Furthermore,

soils on limestone and dolomite have a low water retention capacity.

At the scale of the Mediterranean region, patterns of water availability are
imposed by the spatial variability in climate. The results of Chapter 4
demonstrate that the canopy cover and tree density of olive plantations are
significantly related to a climate indicator such as the humidity index (HI,
the ratio between annual precipitation and reference evapotranspiration). The

canopy cover increases with H/ and reaches a maximum around HI = 0.6. It
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seems that there is a surplus of water at HI > 0.6, which will enable the
growth of cover crops without compromising the water availability to the
trees. Below this HI threshold, the growth of cover crops must probably be
restricted to the winter season and to a fraction of the orchard floor, in order

to avoid competition with the main crop and significant yield declines.

The decline in traditional SWC structures was studied in an agricultural
subcatchment of the Cércavo basin in Murcia province, south-east Spain
(Chapter 5). Connectivity functions were defined and used to investigate the
effect of terrace removal and failure on hydrological connectivity and peak
discharge. The results show that there has been a strong increase in
hydrological connectivity and discharge between 1956 and 2006. During this
period, the contributing area of concentrated flow to the river system
increased by a factor 3 for an event with a return period of 8 years. A further
increase by a factor 6 compared to 2006 is expected in case all terraces
become permeable to overland flow. The discharge from the agricultural
land into the river is small during small and moderate events due to the
limited contributing area. Widespread overflow and failure of intact terraces
is limited to events with a return period of 10 years and more. Furthermore,
it appears that a large part of the concentrated flow (25-50%) is generated on
dirt roads. This fraction decreases with increasing storm magnitude, when a

larger part of the croplands become connected.

Chapter 6 examined the effect of the implementation of a cover crop in an
olive orchard near Sevilla, Spain. The orchard was irrigated (drip irrigation)
and received an annual rainfall in the order of 520 mm. Soil moisture
measurements in the traffic lane, at a depth of 45 cm, strongly suggest that

the cover crop treatment increased the percolation of water to the subsoil
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compared to regular tillage. There were no signs of competition for water
between the tree crop and cover crop, while soil moisture levels remained
close to field capacity during the winter season. Nevertheless, the olive yield

was 8.5% lower for the cover crop treatment.

Water balance simulations reveal two factors that can reduce the
evapotranspiration from a cover crop compared to the bare soil. Firstly, the
mulch of a dead cover crop decreases evaporation after the cover crop
season. Secondly, the cover crop has a larger albedo and lower
evapotranspiration rate under well watered conditions than the bare soil. The
mulch effect is considerably larger than the albedo effect. The magnitude of
the albedo effect is site-specific and may be negative if the soil albedo is

larger than that of the cover crop.
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7.2 Suggestions for further research

The results of the thesis reveal a number of gaps in our knowledge of
rainfed perennial crops. In terms of the water balance and water use
efficiency in dry areas (300 mm of annual rainfall), the use of no-tillage and
minimum tillage in stead of clean sweeping deserves more attention
(Chapter 3). The body of literature on this topic is quite restricted, while
most of the literature does not deal with perennial crops in marginal areas
with low rainfall and no irrigation. Nevertheless, many people depend on the
productivity of these marginal areas by means of subsistence agriculture, for
example in countries like Syria and Tunisia. A comparative field study of at
least a few years would enable to detect the effect of the mentioned tillage
techniques on the water balance and yields. Use could be made of sap flow
gauges to precisely quantify the transpiration of the trees (Giorio & Giorio,

2003).

Our knowledge on the spatial variability in plant available water and
orchard properties could be improved by expanding the data sets of Chapter
4. At the regional scale, it would be useful to study the orchard water
balance on a larger range of soil types. At present, we have data for marls
and stony soils on slate, which are however limited to a few locations. It
would be interesting to develop a map indicating the spatial variability in
water availability related to climate at the Mediterranean scale. Coupled with
a conservative climatic threshold for cover crops, this would provide a first
impression of locations where cover crops may be successfully incorporated
in rainfed orchards. At the same time, more field experiments are required to
verify the climatic threshold for cover crops in olive orchards, as identified
in Chapter 4. Apart from the physical feasibility of cover crops in rainfed

orchards, there is also a lack of knowledge about the economic feasibility. In
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order to fill this knowledge gap, there is a need for field studies that include

a cost-benefit analysis.

It was illustrated in Chapter 5 that the quantification and modelling of
hydrological connectivity is still in its infancy. The observed relation
between the integrated connectivity scale and storm magnitude needs to be
confirmed by additional, independent observations. The next step would be
to develop and improve rainfall-runoff models for semi-arid agricultural
catchments by incorporating the connectivity theory and observed empirical
relations. Another line of research would be to develop techniques for
mapping spatial patterns in soil moisture and pathways of overland flow over

large areas.

The results of Chapter 6 are still somewhat preliminary, and can be
improved in a number of ways. The field experiment will continue for
another year, so that the observations and yield data become more reliable.
Furthermore, the quality of the results can be improved by increasing the
number of moisture sensors: the present study has only two sensors per
treatment. It will also be helpful to compare the cover crop and tillage
treatment in terms of gross margin. The input data of the water balance

model can be improved as well.
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