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Summary

Summary

The general objective of this dissertation was dentify spatial and temporal
hydrological patterns using intensive soil erosaml water content measurements, and
to assess soil and water conservation strategiegicultural catchments. Two field
experiments were carried on in some olive orchafdé&ndalusia. One experiment
consisted of a network micro-plots installed athéifarms to measure runoff and
sediment yield. The second experiment was basdtleonontinuous recording of field
soil moisture with a sensor network established amn experimental catchment,

distinguishing under-canopy areas and inter-roasare

The use of plant covers on the soil of olive tréenfation to reduce soil erosion and
conserve runoff water has been evaluated compatingth a conventional tillage
system. The results indicated that the protectioth® plant covers efficiently reduces
soil loss, and to a lesser extent water loss. Akmrobabilistic framework to explain
runoff and sediment yield data has been proposkd.niodel is based on the Monte
Carlo generation of the key variables: rain defhction of soil surface covered by
plant, and average slope. The main factors tharalatme spatio-temporal dynamics of
soil water content within the olive tree plantedcbanent were investigated, using the
information supplied by the soil moisture sensoetwork. The analysis of the soil
moisture data allowed the evaluation of soil hyticaproperties, the different behaviour
of soil under of outside of tree canopy, and tHati@enship of soil water storage and
catchment runoff with the meteorological forcingnétions such as rainfall and
evaporation. Both, olive trees and soil moistu@tml the runoff pattern within this

catchment.
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Resumen

Resumen

El objetivo general de esta tesis fue identificatrgnes hidrologicos usando medidas
intensivas de pérdida de suelo y de humedad palasavde mejor manera diferentes

estrategias de manejo y conservacion de suelo gw. dgara dar respuesta a estos
objetivos se realizaron dos experimentos, i) uriaresa red de microparcelas de erosion
distribuidas en lugares representativos del old@arAndalucia, y ii) una cuenca de

olivar equipada con un aforador de escorrentialepaste mas baja y una red de
sensores de humedad distribuidos dentro de la auedispuestos en zonas entre calles

y bajo copa de olivos.

Primero se analiz6 la eficacia de un sistema déedabvegetal entre calles de olivos
para reducir la severidad de la erosién en comigeramn el laboreo del suelo. Los
resultados indicaron que este sistema reduce tidaéde suelo y en menor grado la
escorrentia. Se ha propuesto un modelo probabdisgncillo para analizar estos datos
e interpretar el comportamiento del sistema bdgreintes condiciones. Para ello se ha
recurrido a una simulacion de Monte Carlo con la@ ge generaron valores de los
factores esenciales del proceso de erosion hidgregipitacion, fraccion de superficie
del suelo cubierta por la vegetacion herbacea,ngipate media del terreno. En los
siguientes capitulos se exploré la dinamica espaonporal del agua en el suelo de la
cuenca experimental, a partir de la informaciénuéittp por la red de sensores de
humedad. Los resultados permitieron evaluar algmnaegiedades de transmisiéon del
agua del suelo, la influencia de la copa del admire el comportamiento del suelo
subyacente en comparacion con el suelo alejada @ega, y las relaciones entre la
precipitacion, la demanda evaporante de la atnasétrarbol, el suelo y la escorrentia

producida en la cuenca.
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Chapter 1

Introduction

1.1. Overview.

Soil degradation by water erosion in agriculturaicbments is a major global problem
in semiarid areas such as the Mediterranean (Mamtgg 2007) and a serious threat to
farm sustainability. Water erosion contributes alssurface water pollution (Holland,
2004) and causes damage to public infrastructucar@nan and Poesen, 2006, pp.
750-755). As a result, different EU policies haveel put in place to assure soil
protection €.g Soil Thematic Strategy, COM2006, European Comions2012). Soil
and water conservation techniques are the reséapahfor many laboratories all over
the world (Maetens et al. 2012). Despite this ¢ffioere is still a significant knowledge
gaps in the field like an explanation for the oledr different soil erosion rates
(Graham and McDonnell, 2010; Taguas et al. 2008, the influence of soil water

content and vegetation (Moran et al. 2010).

A wide range of soil loss data has been obtainddaditerranean areas.f Taguas et

al. 2009; Poesen et al. 2002). Despite the largpetsion in experimental soil erosion
data, most of these studies demonstrate the immmataf protecting the soil surface for
reducing soil erosion to tolerable levels. Gomealet(2011) evaluated the effect of
cover crops and conventional tillage on soil andoffiloss in vineyards and olive

groves at six sites from Spain, France and PortUdpegdy concluded that cover crops are
an effective tool in reducing soil loss, althougimoff is less likely to be reduced. In
addition, they suggest to identify vulnerable laragge positions where additional
conservation measures can be implemented. Thedmds were in accordance with
Maetens et al. (2012), who conducted a meta-asaly@ng data from 103 runoff-plots

throughout Europe and the Mediterranean area.

Soil water content is a key for surface hydrolobmacesses, as Rodriguez-lturbe et al.
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(1999, and later Ecohydrology papers) properly alestrated. Williams and Albertson
(2004) found that the carbon cycle could be charasd easily as a function of soil
water content in semiarid zones. Soil water befanefall influences the rainfall-runoff
relationships (Alila et al. 2009Pespite its importance, only some exceptiRsbock

et al. 2000) and recent efforts (Dorigo et al. 2QX8storical series of soil water
measurements are not generally available, in cetntioarainfall or other meteorological
data (Palecki and Bell, 2013). In situ soil watezasurements are necessary, but manual
surveys are expensive (Robinson et al. 2008) atesh gdrohibitive as a result of their
destructive nature. Isolated soil water contenveys, or repeated surveys at different
time intervals provide only limited information aainfall pulse-related hydrological
processes which occur at short time-scales antypieal for semiarid conditions, with
short wet interruptions of long drying periods. Ainmber of remotely sensed soil
moisture products are currently available, but atemsurement scale that is too coarse
to be of use for applications in agricultural caweimts or fields. Low cost soil water
sensors provide another means to monitor this ptppée the required time and space
scales, and have provided already promesing resulésgyro-environmental applications
(Mittelbach et al. 2011; Vereecken et al. 2008) wideer, measurement accuracy is
often an issue and site-specific calibrations angally required for each sensor model
or soil type (Fares et al. 2013). In addition, maportant effort in filtering and detecting

invalid values in the measurement records is gélgeemuired (Dorigo et al. 2013).

Models are necessary to integrate information ot@sses over large space and time
scales (Beven 2000). Several models have beenapeeelfor the description of the
spatio-temporal evolution of soil water contentr(iiglietti et al. 2008; Brocca et al.
2008), and for the soil erosion estimation (Cangbral. 2011). The high number of
parameters of many of these models, which are hedya available, restricts their
usefulness. Simplified models can be an optiontha description of hydrological
processes comprising just a few parameteig Majone et al. 2010; Sivakumar, 2008).
However, in addition to evaluating their performarit reproducing observed soil water
content series, such models have to be internallidated in order to assess their
reliability and robustness, for which accuratedigleasurements across different spatial

and temporal scales are needed.
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This dissertation explores the characterizatiothefsoil water dynamics and erosion in
catchments using intensive field observations teniifly relationships and spatio-
temporal patterns. The study is concentrated weqdlanted. This crop is an important
and traditional land use of Mediterranean area, dmihg the last twenty years its
cultivated area has duplicated (European Commis&@h?). Olives are mainly planted
on steep slopes and intensively tilled (Semple 1934p. XIV). In this context,
although the severity of erosion in this crop i shder debate (Gémez et al. 2008), it
is necessary to develop better soil and water nme&anagt practices to preserve olive
productivity and environmental quality of the swmding environment (Kairis et al.
2013).

1.2. Research objectives.

In order to implement better soil and water manag@npractises in agricultural
landscapes, it is necessary to identify and in&trghe factors that control the
hydrologic processes in a simple way. The genebgabtive of this thesis was to
identify spatial and temporal hydrological patternnsing intensive soil erosion and

water content measurements in olive cultivation.

To reach this general objective, the following eesh questions were put forward:

1) Is it possible to reduce soil and water loss tcetable levels with a better soill
management?

Soil erosion constitutes a major problem in the -fdrning agriculture of
Mediterranean areas. In olive cultivation, the ooeoce of intense rainfalls on
unprotected and intensively tilled soil with stesjppes aggravates the problem.
Therefore, the first objective was to evaluateait#ht soil management systems that can

be easily implemented by farmers, to reduce sail@ater losses.

2) Can the erosive processes be expressed in a sprgdeabilistic form?
In Mediterranean environments soil erosion hasivedeconsiderable attention as a
result of its significant contribution to the dedi of soil and surface water quality.

There is general agreement that the effect of smhagement practices play an

3
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important role in the process, but a large hetarerg exists in the observed
effectiveness of soil and water management practi€herefore, the second objective
was to develop a method to analyse and descriliapilcstically field observations in a

simple way.

3) Is it possible to make field estimations of soitidaylic properties usinghigh
frequencydata series of soil water content?

Soil hydraulic properties are important indicatfos assessing soil functioning and are
essential for modeling matter and energy fluxeshie unsaturated zone. However,
laboratory measurements of these properties arallusmnade on small soil cores,
resulting in limited representativeness towardddfszale applications. In addition,
laboratory methods are generally time-consuming exyjensive. The third objective
was to develop a method to estimate in a simple Wwggraulic soil properties,
exclusively from field water content measuremenisjng traditional laboratory
methods, and use this method to evaluate the bpatr@ability of the soil-water

diffusivity within an olive-cropped catchment ardassess the influence of the trees.

4) Can intensive soil water monitoring in combinatiwith modelling be successfully
used to characterize soil water dynamics in agtio@l catchments?

Improving our understanding of soil water dynamigsder different land uses is
essential to soil and water conservation in agnical and environmental systems. In
situ measurements of moisture with sensor netwali&s/s us to evaluate the soil water
dynamics at discrete locations (Vereecken et &820and this information needs to be
extrapolated in space and in time. Therefore, thatli objective was to explore soil
moisture dynamics within a catchment, using intemsneasurements and modelling,
and in doing so evaluate the measurement accuraaysensor network, the spatial
variability of soil hydraulic properties, and thenfall canopy interception.

5) Which factors influence the catchment responserim of runoff?

The hydrological response of hillslopes is extrgmebmplex and for a better
understanding it is necessary to use data fromuim&nted catchments for internal
validation of simple rainfall-runoff models. By uag runoff and soil water
measurements, the fifth objective was to evalubeereliability and robustness of a

simple soil water balance model in terms of rurenifl soil water content, with the

4
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additional aim of analysing the influence of vegieta and the antecedent soil water

content on the catchment response.

6) Is it possible to determine runoff flow patternghivi catchments using intensive
soil water observations?

In gauged catchments, surface flow within them afén not be measured, and nor can
the influence of vegetation be inferred. To overeomthese limitations the sixth
objective was to investigate the possibility toretdéerize soil water movement within a
small catchment using a simple water budget with lirequency readings from a soill

water sensor network and meteorological information

1.3. Structure of the thesis.

This thesis is divided in nine chapters. Chapt@relsents the motivation of this work
and the main research questions. Chapter 2 desdhkefield sites where soil erosion
and water content were measured. Chapters 3 amdlygsas the results of 2 yr field
campaign with a micro-plot soil erosion networkcémparison of soil and water losses
between two different soil managements is provided, a simple probabilistic model is
developed to represent water erosion. Chapter$ost& on the characterization of the
hydrology of a small catchment by using intensigé water records collected with a
capacitive sensor network, a gauging station atcdtehment outlet and soil surveys.
Chapter 5 proposes a method based on the BruceKhne equation to estimate
effective soil water diffusivity from soil water giile data observed during pronounced
desiccation periods. Chapter 6 uses soil water Hiogleéo determine soil hydraulic
properties and estimate rainfall canopy intercepbg olive trees. Chapter 7 evaluates
the reliability and robustness of a simple rainfathoff model in simulating runoff and
soil water content, to analyse the influence ofetatjon and the antecedent soil water
content on catchment response. Chapter 8 suggestthad to detect the spatial pattern
of runoff flow within catchments by using a simeil water balance with soil water
records and meteorological information. Finally amapter 9 the most relevant
contribution of this thesis to improve soil and eratconservation practises are

summarized, and future research directions aregsexh
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Field sites

The experimental research was performed in repta®en agricultural landscapes of
Andalusia, with olive tree cultivation on slopingriain. Plot scale measurements of
inter-rill soil erosion were collected with a mieptot soil erosion network distributed
across 8 representative private farms. At the caécit scale, soil water content was

measured using a sensor network, and runoff wasunegd at the catchment outlet.
2.1. Micro-plot soil erosion network.
2.1.1. Farms description.

The micro-plot soil erosion network consisted adtpllocated in eight farms distributed
across the region of Andalusia (Southern Spainmparing cover crop (CC) and
conventional tillage (CC). The farms were represeéve of the different olive-cropped,
soil types, topographies, plant varieties, and mament systems. The plots were
located in the provinces of Cérdoba (Castro del, Riot C3; Nueva Carteya, C4 and
Obejo C5), Huelva (Chucena, 2 plots, H1 and H2yjlegLa Campana, S2) and Jaén
(Torredonjimeno, J1 and Torredelcampo, J2). Table shows plot location, soil
properties, including subgroup (Soil Survey Stdf99), olive tree variety, type of
cover crop and average slope of the plots. Fig.shdws the location of the eight

experimental farms.
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_Spain

Andafﬂsfa\

Fig. 2.1. Location of the experimental farms indkchas small rhombi.
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Table 2.1. Plot location with relevant soil projestof the farms. Cover type: native, spontaneeegetation (sp), sown (s), and slope.

farm location Soil properties Soil Classification Olivariety cover slope
province  Geographical coordinates sanday OM T pH
Latitude, N Longitude, E kg Kb []

C3 Cérdoba 37°63'7.2" -4°48' 67" .213 .329 D01 8.09 Calcic Haploxerept Picual sp 167
C4 37°62'1.8" -4°46'5.9” .306 .225 .021  7.93alcic Haploxerept Picual sp .185
C5 38°14'5.9" -4°787.2" .376 .052 .026 6.61Ruptic Xerorthent Mollar and other sp .180
J1 Jaén 37°80'4.7" -4°43'1.1" .164 .396 .0197.93 Typic Calcixerept Picual S .075
J2 37.83145 -3.958029 .270 .332 .010 7.98 Typigldierept Picual S .185
S2 Sevilla 37°57'5.5" -5°35'9.8" .426 .242 18 8.29 Typic Xerochrept Arbequina sp .060
H1 Huelva  37°35'4.0" -6°39'1.0" .354 .228 01 7.92 Typic Xeropsamment Arbequina sp .085
H2 37°35'3.7" -6°39'3.1" .284 .298 .015 8.05Typic Xerpsamment  Arbequina sp .095

1 OM: organic matter content.

11



Chapter 2. Field sites

The management system and cover crop compositioa efesen in accordance to the

farmer's usual practice. Table 2.2 summarizesdhetdtural operations for each farm.

Table 2.2. Timing of the main agricultural operagan the plots.

Farm treatment May June July Aug. Sep. Oct. Nov.c.Delan. Feb. Mar.  Apr.

C3

C4

C5

J1

J2

S2

H1

H2

cC T(fc) T (V) PC
cT T (fc) T (v) PC T(fc)

cc PC T () PC

cT T (v) T (v) T (dh) T (fc)
cc PC PC

cT T (v) T (v) T (dh) T (fc)
cc cw

cT T (v) T (dh) T (fc)
cc cw

cT T (v) T (dh) T (fc)
cc cw,
o1 T (dh) T (v)
cc cw PC

cT T (v) 0 T (dh)

cc cw PC

cT T (v) N0 T (dh)

T T, tillage; fc, field cultivator; v, vibrocultivtar; dh, disc harrow; CW, chemical weeding; PC, gitgl
clearing; R, roller; CC, cover crop, and CT, coriamal tillage.

Typical species, according to the Valdés et al8{}Zlassification, were field-marigold
(Calendula arvensisL.), Diplotaxis virgata (Cav.) DC., and caterpillar-plant
(Scorpiurus muricatug.) in C3; mouse barleyHordeum leporinuniink), bur medic
(Medicago polymorphd..), and annual sow thistleS¢nchus oleraceuk.) in C4;
Agrostis pourretiiWilld., Mediterranean needlegrasStipa capensighunb.), Vulpia
geniculata(L.) Link, hare-foot plantain Rlantago lagopud..), buck’s-horn plantain
(Plantago coronopus.), European umbrella milkworfTplpis barbatal. (Gaertner)],
Crete weed Hedypnois cretica (L.) Dum.-Courset.], branched chamomile
(Chamaemelum mixturh.), ball clover {rifolium glomeratumL.), cockspur thistle
(Centaurea melitensis.), nit grass GGastridium ventricosunfGouan) Schinz & Thell.],
and Bromus intermediusGuss in C5; chopped pruning remains in plot J1;uahn
ryegrass l(ollium rigidum Gaudin) in J2; mouse barley, oval crowfodrgdium
malacoides(L.) L'Hér.], field-marigold, ground-needlesEfodium moschatuniL.)
L’'Hér]., African wood-sorrel Qxalis pes-caprad..), Diplotaxis virgata(Cav.) DC.,
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Argentine fleabaneQonyza bonariensif..) Crong.], shail medicNledicago scutellata
(L.) Miller], and Cretan-hollyhock L@avatera creticalL.) in H1 and H2, Argentine
fleabaneDiplotaxis virgata(Cav.) DC, and oval crowfoot in S2.

2.1.2. Field data acquisition.

A randomized complete block design with three wgilons was adopted. The
measured parameters were soil loss and runoff teendactors were soil management
system, with 2 levels (CT and CC), year (2 levals) experimental field (8 levels). The
experimental unit was a micro-plot of #ndelimited by galvanized steel sheets with an
outlet routing the water and sediment to a plasbictainer. Fig. 2.2 shows a block of

two microplots with CT and CC management.

Fig. 2.2. Picture of a microplot block with conviemial tillage, CT, and cover crop, CC,
soil management, located at the Obejo farm, C5.

After each rain spell the plots were visited anel tlnoff was collected (Espejo, 2004).
The runoff volume was measurgdsitu, and three 1 L samples were taken, if available,
for sediment analysis in the laboratory. The carep density was estimated following
the method developed by Agrela et(@003), based on a visual inspection. Rainfall was
also collected in situ using an automatic rain gaggobo loggers, Onset Computer

Corporation).
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2.2. Soil water sensor network.

2.2.1. The Setenil catchment.

The experimental catchment is located in SetenladeBodegas (south-western Spain,
province of Cadiz), 36° 52.2' N, 5° 7.8° W, 776 msl. (Fig. 2.3). The climate is
subhumid Mediterranean with an Atlantic influenced an annual average rainfall of
1100 mm concentrated mainly in the September-MaijogeThe summer is dry and
hot, with frequent spells of dry and hot east winfise soil subgroup is an intergrade
between Lithic and Typic Rhodoxeralf (Soil Survetaf§ 1999, pp. 269-270; Garcia
del Barrio et al. 1971).

Setenil, Cadiz
drainage network
+ measurement locations
catchment limit
# gauging station

[ ]
0 50 100 150m

Fig. 2.3. Location of the experimental catchment] position of the 11 measurement
locations and the catchment outlet. At each loocagiml water content was monitored at

the inter-row area, IR, and under the olive can&fy,

The catchment is cropped with olives of 18 yeads ekcept for a small area in the
south-eastern part of the catchment where treee w@ly 4 years old. In both zones,
trees were planted on a 6 x 6-m grid. The soilrégjdently tilled to remove weeds
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(conventional tillage, CT). However, since 2012 faemer has reduced the tillage
intensity to minimum tillage, except for the areshwoung trees where the soil is still
frequently tilled. Residues of pruning were spreadhe soil surface during 2011. The
soil was tilled in January, 2011, March, 2012, andlay, 2013. The landform is hilly

with a mean slope near 10%, and a shallow hardeeddck consisting of calcarenites

that limits soil depth from 0.05 to 1.20 m (Fig4R.

Fig. 2.4. Detail of drilling in the soil showingdlpresence of calcarenites.

A gully of nearly 2 m depth near the catchmenteiutitersects the catchment from east
to west. Plant tree establishment and periodiagél created a sort of channelized
surface relief with small mound surrounding thevelirees, Fig. 2.5. As a result, the
water flow is concentrated through the central pamter-row areas as a channel mode.
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Fig. 2.5. Detail of the microdepression at intewrarea, IR, and the small mounds
surrounding the tree trunks. The green arrow shtves position of under canopy

sample, UC, location.
2.2.2. Field data acquisition.

The sample grid consisted on 11 measuring locatimneach one the landscape was
divided into inter row, IR, and under canopy, U@a UC location was placed at a
distance of 0.75 m from the tree trunk towards ls@ast and IR in the north-east
direction. Therefore UC locations were placed avmglope region from the tree trunk
at north-west area of channel, and at upslope megicsouth-area, compared with the
unique relative position of the IR locations. Uridibed soil samples were collected at
the 11 locations, 11 at IR + 11 at UC, across #telenent at 0.10 m interval depth until
reach the maximum soil depth, limited by the bellrand soil and hydraulic properties

were analysed.
2.2.2.1. Soil properties.

The average soil profile characteristics are sunsedrin Table 2.3, separately for IR
and UC. No differences between properties wereddwetween IR and UC, except for
bulk density at location 6. According to texturalaéysis soil was classified as sandy
loam, and the profile average clay and sand comtast19 and 69% for both locations,
IR and UC. Appreciable differences in soil textwere observed along soil profile at
locations 3, 5, 6 and 7, for IR, and at locationsartd 10 for UC. These areas
corresponded to the central part of the catchmesually deeper. The spatial mean
profile bulk density was 1.60 Mg Trfor both locations. However spatial mean topsoil
bulk density, 0-0.30 m, was higher at IR compatemhtUC, with average values of
1.74 Mg n?® at IR, and 1.59 at UC respectively.
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Table 2.3. Summary of the main soil profile prosrtseparately for inter row, IR, and
under canopy, UC, of olives. Results representilprakeraged values, and in bracket
the standard deviation.

IR uc
Zmax  Clay sand pp kst Znax  Clay sand pp kst canopyt
location m % % Mgm® cmh! m % %  Mgm® cmht m?
1 0.80 [é%g] [2?2'2] [é:g;] 412 0.70 [;%g] [Zg'g] [éﬁ] 437 279
2 030 &_22'3] [g_%é] [é_'gg] 132 0.30 [3_362] [g%j] 1['_?3 879 184
3 050 [i_%g] [2_42'3] [é_'gg] 75 030 [S%% [(25%;] [(1)_'1;] 796 184
4 030 [g%%] [8_97?] . 88 049 &_97'2] [Z_%g] [cl):fg] 101 262
5 076 [;EZ] [S%S] [é:fg] 14 070 [?f%g] [;%g] [éﬁ] 302 294
6 060 [1%2] [2%% [16%%3 05  0.60 [i?é%] [Z%i’] [é:fg] 29 315
7070 [;.%g] [Zgig] [éfgg] 1 os8s8 [;.97'2] [;%3] [cl)fﬁ’] 9.7 204
& 020 [i%g] [I.Zéz] [é.'ist] 04 050 [i.%g] [Z.lzié] [cl)fgg] 52 215
9 050 [;%g] [:?.5’631 [é:fg] 05 030 [S%g] [Z%g] [3:2% 147 195
10 030 [f.%?] [Z.%g] [cl).'gi] L2030 [421.29?] [SSE] [é.'g;] 109 7.0
11 030 [(2)_3;2] [8_58'5’] [é_'g’z] 201  0.40 [fiig] [f_‘;g] [cl):fg] 132 97

GMtt 0.44 18.9 68.6 1.61 2.9 0.48 19.2 68.6 1.606.71 19.2

T, measured at 0-0.20 m interval.

¥, Projected area of trees was estimated assuimnigee as a conical surface.

t1, geometric mean.

Values of clay, sand and bulk density at IR logadifollowed by * indicate significantly differentof the
Tukey test at p< 0.05 and, comparing IR and UC.

Kswas measured with a constant head permeametkel{&impAgrisearch Equipment,
Giesbeek, The Netherlands). The average value0@2®m were 2.9 cmhat IR, and

16.7 at UC, respectively. The maximum soil deptls waound 0.45 m at both locations,
ranged from 0.30 m in upper areas at the north @adghannel, to 0.88 m in lower
levels. The average and standard deviation of gahemht and diameter was 2.9+0.6

and 3.7+£0.9 m, respectively. These dimensions Wwigfely variable between trees, and
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also in time due to pruning operations. So theayeprojected canopy area assumed as

a conical surface was 20+7.7.m

The north-western part of catchment had more coaasicles concentration than the
rest, and the average ranged from 0.70 at IR #°%0.8t UC. The topsoil organic matter
content was low, with values below 1% for both sit€enerally these contents were
slightly higher at UC. Information about the watetention curve measured at 0-0.20 m
for these locations, and the fitting of van Genaoh¢quation can be found in Espejo et
al. (2014).

2.2.2.2. Soil water sensor network.

Soil water content was measured at the 11 locateni&k and at UC, respectively. The
soil water sensor network consisted on 108 senddys5TE and 98 10HS devices
(Decagon Devices, Pullman, WA). Both measure thié water content via the
dielectric constant of the soil using capacitaneehhology (Mittelbach et al. 2012,
Rosenbaum et al. 2010). In addition to water cdntiére 5TE sensors also measures
temperature and electrical conductivity. The 10l8ssrs were installed horizontally
and oriented against the slope direction at depiti®s05, 0.15, 0.25, 0.35 and 0.45 m if
soil depth was sufficient, at the IR and UC areHse 5TE sensors were installed
following the same procedure at 0.05 m adjacenf@blS sensor to contrast their
performance. Sensor readings were recorded evenpides. Gravimetric soil moisture
was periodically measured and used to calibrateséimsors at both locations, IR and
UC. The results showed that default calibrationresemated the soil water content for
both sensor models (Fig. 2.6). No differences engbnsors performance was observed
between IR and UC, and therefore a common expaidittsimilar to the one proposed
by Mittelbach et al. (2011) was adopted for the $0s€nsors, while a linear fit was

used for the 5TE sensors%R0.70, for both sensors).

18



Chapter 2. Field sites

e eR O OUC

. 021 o
2 5T ™
< L
= o
§0.15, L
: ’
8 o DDFI‘P
3 o, 9
T 01— e
E . e o
5 | o
© I~B
g A
£0.05 - .%ﬁ
3 .
) - % o
OL L 1 ” 1 L | I
0 200 400 600 800

sensor reading, mV

—— 10HS fit: 0= .00024 exp(.0081 mV), R?=0.73
- = = 5TE fit: = .00057 mV - .073, R2=0.78

Fig. 2.6. Calibration function for the 10HS and 53é&nsors using gravimetric samples

at inter row, IR, and at under canopy, UC, of trees

2.2.2.3. Gauging station.

Runoff was measured at the outlet of the catchmihta gauging station, described by
Taguas et al. (2009). Rainfall was also measuregitinat one-minute intervals with a
rain gauge. Occasional data gaps were filled udatg from nearby automated weather
stations at hourly temporal resolution (CAP, 20183ated at distance of 6.6 km from
the catchment. Previously data were compared addndi differ much from those

measured in situ in the catchment.

2.3. References.

Agrela, F., J.A. Gil, J.V. Giraldez, R. Ordofiezddh Gonzalez. 2003. Obtention of
reference value in the measurement of the covetidrain conservation agriculture. In:
B. Cury, and L.B. Canalli, editors. Proceeding2d World Congress on Conservation
Agriculture. Brazilian Federation of Direct Driljnand Irrigation, Iguazu, Brazil, 44-
47.

CAP, Consejeria de Agricultura y Pesca de la JdetaAndalucia. 2013. Red de

Alerta e Informacion Fitosanitaria (RAIF). Availabl at:

19



Chapter 2. Field sites

http://www.juntadeandalucia.es/agriculturaypescdhservicios/estadisticas/servicio-
de-informacion-agroclimatica/red-de-alerta-e-infamon/datos-de-las-estaciones-
agroclimaticas.html, accessed on 06/05/2013.

Espejo, A.J., J.V. Giraldez, K. Vanderlinden, ETaguas, and A. Pedrera. 2014. A
method for estimating soil water diffusivity fromomsture profiles and its application
across an experimental catchment. J. Hydrol. 586;168.

Espejo, A.J. 2004. Analisis de la erosion y eseiaeen microcuencas. Unpubl.
Agr. Engng. Diploma Diss. Dpt. of Agronomy. Univigysof Cordoba, Spain.

Garcia del Barrio, I., L. Malvarez, and J.I. Goezal1971. Mapas provinciales de
suelos. Cadiz. Ministerio de Agricultura. Madrigha#.

Mittelbach, H., I. Lehner, and S.I. Senevirathel20Comparison of four soil
moisture sensor types under field conditions int&sviand. J. Hydrol. 430-431, 39-49.

Mittelbach, H., F. Casini, I. Lehner, A.J. Teulirpd S.I. Seneviratne. 2011. Soil
moisture monitoring for climate research: Evaluatiof a low cost sensor in the
framework of the Swiss Soil Moisture Experiment {&®MEX) campaign. J.
Geophys. Res. 116, D05111, doi:10.1029/2010JD014907

Rosenbaum, U., J.A. Huisman, A. Weuthen, H. Vereecknd H.R. Bogena. 2010.
Quantification of sensor-to-sensor variability betECH20 EC-5, TE and 5TE sensors
in dielectric liquids. Vadose Zone J. 9, 181-186.

Soil Survey Staff. 1999. Soil Taxonomy“2d. USDA Agr. Hbk. 436, Washington,
D.C.

Taguas E.V., J.L. Ayuso, A. Pefia, Y. Yuan, and BreP. 2009. Evaluating and
modelling the hydrological and erosive behavioumanfolive orchard microcatchment
under no-tillage with bare soil in Spain. EarthfSBrocess. Landf. 34, 738-751.

Valdés, B., S. Talavera, and E. Fernandez-Galig&k887. Flora vascular de

Andalucia Occidental. Ketres, Barcelona, Spain.

20



Chapter 3

Soil loss and runoff reduction in olive-tree dry-

farming with cover crops®

"Modified from: Espejo-Pérez, A.J., A. Rodriguezdia, R. Ordéfiez, and J.V.
Giraldez. 2013. Soil loss and runoff reduction iivetree dry-farming with cover
crops. Soil Sci. Soc. Am. J. 77, 2140-2148.

3.1. Abstract.

Soil erosion constitutes a major problem in the -fdrning agriculture of
Mediterranean areas. The coincidence of fall shevialing over bare soils after a long,
hot, dry summer, steep slopes, and intensive @&llagy the occurrence of large
uncultivated patches like in tree-cropping, aggrawhe problem. Among several soil
conservation practices cover crops are being addpyeolive farmers as a promising
method to reduce soil and water losses. This reqporimarizes the results of 2 yr from
a network of micro-plots installed in olive orcharih the olive-growing area of
Southern Spain to improve the technique of soil ag@ment and extend it to farmers.
The cover crop diminished soil losses in all theezkmental plots with an average of
76%. Water loss was also reduced, although toseiesctent, in 6 of the 8 fields, with
an average of 22%. Additionally, the results showresl great influence of the cover
percentage in the decrease in soil loss and inctimeentration of sediments in the
runoff. However, it should be taken into accourdttplant cover consumes water, and
that the advantages of the increase in runoffenvthter balance with the cover could be
eliminated if it is not managed appropriately. Téfere, more years of experimentation

covering different climate conditions are necessary
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3.2. Introduction.

The olive is an important crop in Spain, both fisrextension -over 1.5 Mha,g.27%

of the European Union total (FAOSTAT, 2012), and froduction, 42% of the
community total (CAP, 2012). Andalusia has 60% bé tnational surface, and
contributes 76% to national production. Olive traase traditionally occupied marginal
and not very fertile, steep soils, which are hamslijtable for herbaceous cropsd.
Semple, 1931, Chap. XIV). The Mediterranean clintltes not favour the maintenance
of a continuous vegetation cover, especially dfterlong, hot summer season, in which
natural wildfires are not infrequent. During thel there are frequent showers with a
high rain intensity causing important soil losses.

In addition to natural factors, some unsuccessfahagement strategies in agriculture
increase the soil erosion risk. For example, whemérs try to remove weeds that
could compete with the olive tree for available rrauts, water included, not only
reducing the scant vegetation, but dislodging aggregates and compacting surface
and subsurface soil layer®.¢ Garcia-Orenes et al. 2012). Montgomery (2007)
estimated that the erosion/production ratio frormvamtionally tilled agriculture
averages one to two orders of magnitude greatertthea corresponding values for soil
with native vegetation and long-term geologicalsern. Zhang (2012) conducted long-
range forecasts to estimate the relationship betwssl management and rainfall
changes in central Oklahoma, and found a posiga&ionship between soil loss and
tillage intensity.

The consequences of soil erosion are widely kn@nd, soil deterioration is one of the
main problems in Europe. According to Oldeman e{X891), 12% of the cases of soil
degradation on the continent are a direct conseguehwater erosion. In certain areas,
such as the Mediterranean region, the problemilisagtrse and it has been estimated
that 25 Mha experiences severe erosion losses @y Bt al. 1991). Soil fertility is
reduced due to the selectiveness of the erosionepso(Sharpley, 1985), and the
dispersion of sediments leads to water and solupoh (Holland, 2004). The loss of
the topsoil reduces its water holding capacity, owhidecreases the chances of good
harvests in a region such as Andalusia, where 78% olive-cropped area is cultivated

as dry-farming.
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There are no reliable soil loss estimates at aonagiscale, which is a more general
problem (Wilkinson and McElroy, 2007). Some reasb@asalues in the range of data
on erosion plots installed in Andalusian olive @nas ranged from 10 Mg Hay™
(Martinez et al. 2006), 6.9 Mg Har* (Gémez et al. 2008), 0.3 to 1.0 Mg har'* with

a cover crop system at a basin s¢&kguas et al. 2010), and field mapping data of 74
Mg ha' yr! (Poesen et al. 2002). Even more uncertainty ewiitsits effect on runoff
ratios, which is a critical variable in the soikforatio (Yu et al. 2000). Maetens et al.
(2012) conducted a compilation of 103 plot-meagustations throughout Europe and
the Mediterranean area and observed that the exceedrobability of tolerable soil
loss rates was 20% lower when soil water consematechniques were applied.
However, no notable effect on the frequency distidn of runoff coefficients was
observed. They suggested that effectiveness incireglusoil loss and runoff ratios
should be directly calculated by comparing measergmmon a reference plot with

conventional management.

There are several soil conservation strategies,. Morgan, 1986), but, possibly, the
most effective ones in this region are those basedrop and vegetation management,
which are better adapted to the environmental ¢mmdi, not needing any continuous or
expensive maintenance care (Stocking, 1994). Teeotia vegetative cover, either live
or dead, is a convenient protection for the sod #me environment. There are many
forms of vegetative cover, like winter cover crdpsspring-cultivated soils, (Zhu et al.
1989), vegetation filters, (Daniels and Gilliam 989, grassed waterways, (Fiener and
Auerswald, 2003), alley crops, hedgerows and cdigeoforestry types (Young, 1986).
The protection from the cover reduces runoff andl lsss, (Hoffman et al. 1983),
alleviates soil compaction through thedrilling of the roots, (Williams and Well,
2004), retains nutrients like phosphorus tranggboly runoff, (Hart et ak004), lowers
the herbicide load entering streams either by ecihgnwater infiltration into the soil,
(Kléppel et al. 1997) or by retention and degramgti(Gaston et al2003), and
mitigates the pollution risk from animal pathog€hate et al. 2004).

Therefore, the use of plant covers in woody crags loe an effective system for soil
conservation in olive cropping, which also reducasoff. However, the relative

complexity of their management may cause diffiegltin their establishment, requiring
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more selective and economic herbicides and moraezit weed removal machines. To
solve many of the establishment problems, and tenexthe practice to the region's
farmers, several plots have been installed in pgif@ms representing the main types of
olive cropping systems. The purpose of this workhis evaluation of the reduction in
the intensity of soil loss and runoff in those plotomparing cover crops (CC) with

conventional tillage (CT).

3.3. Material and methods.

Section 2.1 describes the soil erosion experimdihtis. report corresponds to the first 2
yr of the trial (1 June 2003-1 June 2005).

The analysis of variance (ANOVA) was used to esthbihe effects of the factors on
the measured parameters (soil loss and runofffei@ifices between individual means
were tested using the LSD test. The analysis wesmpeed using all the plot and event
values to prevent the effects of a block trend theioplots. Variance homogeneity was
studied with the Levene test prior to combining rgeaexperiment fields and soil

management systems. Before this, the problem abmivee heterogeneity had been

solved with a logarithmic transformation when naseeg (Steel and Torrie, 1980).

3.4. Results and discussion.

The runoff and soil loss results are presentedrasgig.

3.4.1. Runoff production.

Cover crops generally reduced the water yield ef filots, as indicated in Table 3.1.
The rainfall interception on the cover canopy wasereneffective than the water
retention on the depressions of the surface migeliefr The raindrop impact on the bare
soil surface was able to compact the top layerthéurreducing water infiltration into
the soil. In six out of eight plots the averager@ment in water yield due to the absence

of cover was above 34% with respect to the covaulte
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Table 3.1. Cumulative rainfall and average watetdyin the farms for the cover crop
and conventional tillage treatments, during thegaefl June 2003 — 1 June 2005. The

number of samplings and rainfall appear after #mnfindex.

. Runoff, mmt Runoff coefficient
number Rainfall, .
Farm of events mm ____ Reductioni CcC CT
CC CT

C3 13 689 37.7 46.3 0.186 ** 0.05 0.07
Cc4 13 834 40.4 92.3 0.562 ** 0.05 0.11
C5 12 1016 54.8 98.7 0.445 ~* 0.05 0.10
Ji 12 673 52.7 45.9 -0.148 * 0.08 0.07
J2 12 628 74.8 107.2 0.302 0.12 0.17
S2 11 496 16,5 24.7 0.332 * 0.03 0.05
H1 9 770 55.8 69.5 0.197 0.07 0.09
H2 9 770 62.0 574 -0.080 0.08 0.07

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

T Average values of the plot repetitions; CC, cawep; CT, conventional tillage.

T Positive values indicate cover crop reduction pared to tillage system and negative values the

opposite case.

Only in two of the eight plots was the differentmaulative runoff production between
the two treatments significant at the 0.01 prohgbievel, although CT usually gave

higher values than the crop-covered soil.

Fig. 3.1 represents the runoff coefficients evadain all the samplings in the
respective plots. A majority of cases fall undex thl line indicating the higher water
yield of conventional tillage with respect to thiamqt cover treatment. In some cases
shallow soils formed on steep slopes, like thoséaoh C5, which corresponds to the
Sierra Morena in the north of the Cordoba provirtdeder these adverse circumstances,
farmers are shifting to organic agriculture by whigheep grazing between the trees
remove weeds. The soil is often more compacted @@hhan with CT, as was the case
of the J1 farm. This farm has been intensivelgdilbver the last twenty years. The poor
organic content and underdeveloped soil structmigether with the scarcity of seeds,
hindered the establishment of a spontaneous cowpr €he results suggested that CC
was not always a reliable water conservation practin some farms, an occasional
shallow till may trigger a higher water rechargethg rain than under CC, which is

more appreciated by the farmers starting with théagement system after many years
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of intensive tillage. Maetens et al. (2012) obsdrwhat, under Mediterranean
conditions, zero and minimum tillage are not effextvater conservation systems, even
though they reduce soil loss. Thus, in a cover sygbem, an occasional vertical tillage

operation could help to loosen the soil, improvsegd emergence and reducing runoff.
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Fig. 3.1. Comparison of the respective runoff doefhts under conventional tillage and

cover crop treatments for all the plots.

The influence of the surface cover on water yislcepresented in Fig. 3.2, in which the
estimated surface fraction is compared againsruheff coefficient for all the cases,
and for the two treatments. The data taken on t@etr€atment were confined to a
smaller area of the plot, in contrast to the CHhtireent, which was more widespread.
This dispersion could be explained by the differsoil erodibility conditions due to
recent tillage operations, especially when the makifall occurred immediately. The
maintenance of the vegetative cover ensured a rafiextive rainfall and runoff
interception than periodic soil tillage. The adwagd of CC is that a small surface
density of plants may be efficient enough for watemservation purposes. An
exponential upper envelope curve similar to theppsal of Gilley et al. (1986) could be
drawn, but extended here to all the trials. Theeeewtwo possible envelopes, the first
one relating the runoff coefficierRC, to the fraction of surface cov&( being

26



Chapter 3. Soil loss and runoff reduction with cou®ps

RC=0.4e"* Eq. (3.1)

This equation is valid for almost all the CT treatrh sampling data, not including the
plots with a dense vegetative cover like C5, S2Hhdthat had been under CC systems
for a long period before the trial started, sinweirt soils might be more compacted by

agricultural machinery traffic during regular faoperations.
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Fig. 3.2. Relationship between the fraction of acef covered by vegetation and runoff
coefficients for the conventional tillage and coeewp treatments in all the plots, with

upper envelope curve.

The second envelope is less restrictive and coelleidended to the CC system

RC=0.4e*¢ Eq. (3.2)

Both coefficients in the exponent were close to @Gikkey et al. (1986) numbers for
sorghum Horghum bicolor(L.) Moench] and soybeanGJycine max(L.) Merr.]

residues and to the proposal of Elwell and Stockitfy6, Fig. 4). Other authors like
Freebairn and Wockner (1986b) found linear relatgms between runoff coefficients

and surface cover.
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The average runoff coefficient value in the casehef CC system was 0.062 with a
coefficient of variation of 0.997, while, in thessaof CT, the corresponding values
were 0.086 and 0.944. These results were much lamgrcoherent with the literature
than those found by Zorn and Petan (2008) usintg pibthe same size on bare soil in a

young olive grove in Slovenian Istria (0.32).
3.4.2. Soil loss.

The cumulative average soil loss data are showrable 3.2. The most important result
was the great sediment yield reduction by the G&atment in all cases, with values
above 76% in seven out of eight farms. The avemsgkloss in the farms varied
between 0.03 and 0.33 kg2for the two year period in the cover crop treatment
between 0.17 and 0.99 kg“ander conventional tillage, which was below therable
soil loss rate, €.9. Morgan, 1986, section 7.1). These values were laa@r than
average ones reported for the period from 20000@62by Gémez et al. (2008), but
similar to those measured in the same years ofrémsrt by those authors. In all the
farm data, except in C3, the differences betweerstédiment yields under CT and CC
treatments were significant. One explanation cteldhat the cover reduced soil loss on
this farm but not significantly, possibly due te gartial removal after a tillage pass in

March (Table 2.2), and so the coverage in CC was @iminated.

Table 3.2. Cumulative average sediment yield in fdrens for the cover crop and
conventional tillage treatments, during the peribdune 2003 — 1 June 2005. The

samplings number appears after the farm index.

Sediment yield T

number 3 Reduction t
Farm of events kg m
CC CT

C3 13 0.118 0.168 0.298
C4 13 0.090 0.316 0.715 **
C5 12 0.116 0.423 0.726 *
Ji 12 0.135 0.366 0.631~*
J2 12 0.329 0.993 0.669 *
S2 11 0.051 0.205 0.751*
H1 9 0.067 0.616 0.891 *
H2 9 0.028 0.213 0.869 *

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.

T Average values of the plot repetitions; CC, cawep; CT, conventional tillage.
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T Positive values indicate cover crop reduction pared to tillage system and negative values the

opposite case.

The individual plot data for the different farmsigF 3.3) confirmed the soll

conservation efficiency of the CC treatment. Almakthe data fall under the 1:1 line.
Some data such as those of the J2 farm were vesg ah both treatments. From a soil
conservation standpoint the establishment of coweps was a very convenient
agricultural practice, but it was more effective snil conservation than in water

retention in the plot.
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Fig. 3.3. Comparison of the individual soil lossngdings between conventional tillage

and cover crop treatments for all the plots.

The lower reduction in soil loss on the C3 farm va#s0 seen in Fig. 3.4, in which a
comparison between the cumulative values of twméais depicted. The areas with the
steepest slope of the curve coincided with raimes/®llowing a tillage operation. The
episodic nature of soil erosion is observed inglus of Fig. 3.4 for two of the farms.
The soil loss recorded in a few sampling intervalgresented a large fraction of the
total difference between treatments like 65% in @wents receiving a cumulative
rainfall of 212 mm in the case of the C3 farm, &% in the corresponding case of the
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C4 farm. This pattern is very common in the Med#eean region, as was observed by

Taguas et al. (2010).
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Fig. 3.4. Temporal evolution of the average cunigasoil loss in the plots of farm C3
and C4 during June 2003-June 2006 period.

The relation between soil loss and plant coveafbthe cases is plotted in Fig. 3.5.
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Fig. 3.5. Reduction of soil loss with fraction afriace covered by plants, including an

upper envelope curve.
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Soil loss reduction with the cover was more effectihan runoff reduction, which can
be observed by comparing Fig. 3.2. and 3.5. Asénrtnoff case, an exponential upper
envelope has been delineated in the figure fostlldoss, SL,

SL= "¢ Eq. (3.3)

Other authors like Freebairn and Wock(E386b), Gilley et al. (1986), and Khan et al.
(1988) obtained similar results with other cropsg&s and Schumm (1991) found a
similar decreasing trend in soil loss with surfaower, although they suggested that
other functions could fit their data better thae #xponential. Proffitt et al. (1991)
adopted the exponential function for the relatigndyetween the rainfall detachability
parameter and the shielding of the soil surface ¢ha be taken as the complementary
value of the surface cover. Rose and Freebairn5)1p8sented data of sediment
entrainment by overland flow that depended on serfaover. The last two parameters
are components of the GUEST erosion model (MisthRwose, 1996). As indicated by
Freebairn et al. (1989), the Universal Soil Lossi&pn model relates the soil cover-

management factor to the surface cover exponentiall

Morgan (1986, section 8.4) stated that a mulch lshoover between 70 and 75% of the
soil surface to effectively protect the soil. Nahetess, the results shown in Fig. 3.5
supported a more reduced surface fraction of ab0&b, with a still safe range of
between 20 and 50%. Rogers and Schumm (1991) dedgexen a lower fraction, of
between 15 and 43%.

Nunes et al. (2012) recently evaluated and comp#redhydrological and erosion
response of soils under different land uses andataéign types in central Portugal.
They observed that cereal cultivation and tree tpignaccelerated runoff and soil
erosion compared to pasture and afforested lankis. Was attributed to soil tillage
which loosens the soil and reduces its erodibilitie maintenance of a 50% cover

protection exponentially decreased the lossed¢oatiole levels.

Another useful index of cover crop performancehis $oil loss to runoff raticGL/RQ

as used by Meyer et al. (1970), or simply, the ayersediment concentration in the
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runoff flow. Fig. 3.6 presents tt&l /ROdata for all the samplings, plots, and farms. The
average sediment concentration decreased as ttaeeswover grew, independently of
the soil management system. An exponential uppeglepe had been plotted with the
Eq. (3.4),

SL
— =50 Eq. (3.4)

RO

There were some data points above the curve dtigetoover's density and height in
farm S2 plots. Also, one of the plots had a gresl @f seed on the surface and an
attack from ants, modifying the topsoil's naturahditions. The rest of the points were
under the curve. Gilley et al. (1986) for theirgluxm and soybean residue plots, and
Freebairn and Wockner (1986a, 1986b) for their dibmulch trial on Australian
vertisols, reported similar results. The relatiopsbf average sediment concentration

and surface cover of Loch and Donnollan (1988) @laser to a straight line than to an

exponential.
O O OC3 & ¢ oJ2
® 0 ®C4 0O 0O OS2 |
®@ ® 8C5 4 2 AHL Senc\)/?(())pe »5SC
O 0 0Jl A A AH2 LRO=50 exp(-2.5 SC)
50 T I T I T I T I T 50 T I T I T I T ‘:‘ T
-\\fo o conventional tillage -\\ cover crop
o
@
£ 40 . \ o 40 \ .
(o))
2 e e 1
i<} 2 s
=30 \ — 30— \ o -
o N \
= L i
8 ° o0 A 04 o\ 4
5 N AN o
220  go - 20 — -
5 a N o o No
%) ¢ Do o oN o \ o
2 o ® ~ B 9 ~ 04 T
= 02 ° 4 ~ 4 ~
3 10f-22%0 b LS — 10% © - & _
] i ®, (o o -
o * * > -
- @ Y4 08 o ° "o‘p ~ - o
Q‘o : D.DOAAAAAQ. %‘
B 2o, 1o § od - ol "% "8 2e S pRili i A die
0 0,2 0,4 0,6 08 1 0 0,2 0,4 0,6 08 1
surface cover surface cover

Fig. 3.6. Relationship of soil loss to runoff ratith fraction of surface covered by

plants, including an upper envelope curve.

These results were encouraging ones for the adomtiocover crop practice in the

region. However, the establishment of cover cragpes a few years in order to try to
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find the optimal plant species which is able torogjpice itself after the summer season
and support the impact of agricultural practic&e lihe olive fruit harvest that causes
severe soil compaction. Given the reduced siza@ptots, the fraction of surface cover
obtained here may change at a larger scale. Thelsgansity of the cover is another

aspect that should be explored since, in many fatimesalignment of trees follows the

steepest direction on the slopes. In this casecalier crops must be set up following

the contour lines to increase the interceptiorcedficy of water and sediments.

3.5. Conclusions.

Cover crops provide a suitable soil and water cwag®n practice for olive-cropping
farms in Southern Europe. In our assays the vagetabver was more effective in
reducing the intensity of soil loss than in dimmigy runoff. Decreases in erosion rates
were obtained in all the plots, with values of bedw 30 and 87%, with a mean of 76%.
With respect to water loss from runoff, a diminatwas found in six of the eight farms
but in two of them it increased, possibly becausa surface compaction of the land.
The results were not usually significant in all teeperimental fields, although the
means did turn out to be lower. The mean decrease2®% (all farms) with the eight

fields, and 34% when excluding the plots in whicé tunoff was greater with tillage.

The annual soil loss distribution was not unifornthvthe rainfall events and some of
these signified around 40% of the losses accunuildieese occurred in the fall rains,
when the soil was unprotected. With regard to rijreofore homogeneous distribution
was noted as, unlike the soil loss, the maximuraagfgs did not give rise to such a high

percentage of loss as those of the soill.

Soil cover is vital in the reduction of soil logiing so proportionally as the coverage
percentage rises. It could be considered that lanstii a cover of over 20% is well
protected against most events. However, coversvef @0% reduced erosion to
practically zero values, with a mean of under 0.6@3m?* (IC95%= [0.85, 3.70])
regardless of the erosivity of the rain event, Wwhitemonstrates the effectiveness of
vegetation in reducing the kinetic energy of raomd. In fact, in 41% of the cases,

when considering the whole of the plots, blocks awents, no soil loss occurred when
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it was covered with vegetation. However, under@umate conditions, the maintenance
of these soil coverage rates at a basin scale eadifbcult if good management
strategies are not established. Furthermore, that pkmains help improve the soil

quality of many olive groves.

Similarly, the sediment concentration diminishedtlas degree of cover increased, so
that the establishment of a vegetation cover nbt achieved a lesser leakage of water

from the system but also decreased the cloudirfabssovater.

Anyway, although a vegetation cover seems, in piacto be beneficial for runoff
reduction, it should be borne in mind that it canes water that could be of use to an
olive grove, which is mostly grown under dry-farmjrso that the water balance could
be negatively affected if the system is not adezgjyananaged. It would therefore be
necessary to carry out research with differentisgea this respect. Likewise, it would
be necessary to analyze what effect surface compacbuld have on the olive-
vegetation cover system-. Finally, in the lighttloé results obtained, it can be said that
a vegetative cover in woody crops is a highly dffectechnique for reducing soil loss

and an acceptable one for diminishing water logs@s runoft.
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Chapter 4

A probabilistic water erosion model with variable

cover factor for Mediterranean olive orchards

4.1. Abstract.

A simple probabilistic model to describe soil andter loss in olive planted areas in
Mediterranean environments is presented. The med®sed on the field observations
obtained during three hydrological years (2003-3007a network of 1-rimicroplots
located in different sites of southern Spain. Thé was subjected to two different
managements systems: conventional tillage, whezewtbeds were removed by disk
harrows or cultivators, and establishment of comaps with a protective layer of
vegetation maintained on the surface until thefo@ggs of spring when this layer was
chemically killed to avoid any competence for saiitrients among the grass and the

olive trees.

Since the essential processes are runoff generasioih erosion, and sediment
interception through the cover crop, the most @h¢\data were rain depth, fraction of
vegetation covered area, and slope. Rain deptlslape were generated, respectively,
with a Gamma and a Uniform probability distributidunction, and the fraction of

vegetation covered area with a sigmoid type fumctio
To validate the model simulations were generateth & Monte Carlo scheme to

reproduce the observed results. The moments obliserved and simulated results

were compared.
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4.2. Introduction.

Dry-farming systems require appropriated soil managnt system to capture runoff
water in soil, inducing infiltration and reducinyaporation. Olive tree crops were
confined to the poor soils developed on steep ldrais the antiquity. The combined
effect of intense rains, reduced infiltration capa@and high slopes with a rather sparse
vegetation cover after the long dry summer pergmthance erosive processes. For these
reasons the assessment of soil erosion in Mediteara environments, has received
great attention with significant contributions.g Sheridan et al. 2013; Lesschen et al.
2009; Kirkby et al. 2002).

Soil and water losses in semiarid lands have bstma&ted with small erosion plots, or
microplots with a reduced area around 1 (@g. Moreno de las Heras et al. 2010;
Michaelides et al. 2009; Parsons et al. 2006; Giagilal. 2005; Bagarello and Ferro,
2004; Joel et al. 2002; Cerda, 1998). The problémod erosion plots is the difficult
extension of the results to other areas of differ®re given the variability of the

climatic, soil, topographic and agronomic factergalved €.g.Maetens et al. 2012).

Conservation of soil and water is essential for fentenance of the Mediterranean
lands €.g. McNeill, 1992), although there are not simple $ohs. A usual
conservation practice for the olive tree plantezharis the establishment of cover crops
which is many cases are very successuj.[Espejo et al. 2013; Gémez et al. 2009).
Nevertheless there is a great heterogeneity ofltseswaluating the effectiveness of

management systems on soil and water conservation.

In order to explore the results of Espejo et ab1@ a simple soil erosion model has
been proposed to improve the understanding of thessesses. The hypothesis of the
work is that it is possible to describe the procesa simple way due to the water
erosion process have a stochastic character aadcaigtion of it probabilistic structure

is required.
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4.3. Field measurements.

Runoff and sediment yield were measured duringetlyears (2003-2006) on 48 *m

erosion microplots in eight olive tree farms acrAsslalusia (chapter 2, section 2.1).

An exploratory analysis of runoff and sediment ¢idbr the measurement period,
separately for soil management and farm was peddrusing the L-moment frequency
analysis method (Hosking and Wallis 1997; Vogel aRdnnessey, 1993). In

hydrological studies this method allows compenggatim insufficiently long time series

using data from other locations with similar stated characteristics. Individually for

each indicators, runoff and sediment yield, andl mainagement, the values of the first
five L-moments were coincident for the differentnfis. The L-moment diagram which

described the theoretical relationship between ittdgis and L-skewness plotting all
farms was a three parameters lognormal distribufmm both indicators and soil

management. In this manner the results suggestddniltroplots data set could be
studied together.

The rain depth data were fitted to a two-paramegimnma probability distribution
function whose density functions is.g.Bury 1999, Chapter 13),

A-1
f(xA,0)= ! [ﬁlj e’ x20 g,A>0 Eq. (4.1)
oll(A) \o

The parameters andc are, respectively the shape and scale factorsvales of the
parameters fitted with the maximum likelihood metheere1=0.049 andc=0.398.
According to they® test the hypothesis of the gamma fit to these datdd not be
rejected at the 0.05 probability level.

The runoff volume data measured in the plots fortthetreatments were also fitted by
the two-parameter Gamma probability function, EqL)4The fits were not as good as
in the case of the rain depth. For the cover creptinent, CC, the fit could not be
rejected at the 0.01 probability level, with thegraeter value3=0.292 and=0.690.
For the conventional tillage treatment the fit wasrse, with the parameter values
1=0.216 and>=0.650.
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Sediment yield data were fitted to an Exponentiatridution function (Bury 1999,
Chapter 12),

f(x;,u,ﬁ)=%exp{—x;ﬁ'uj x2u u=0 g>C Eq. (4.2)

This distribution function is a special case of (B@mma function, Eq. (4.1) when the
shape paramet@ris 1=1. The fitted parameter values for the cover creptiment, CC,
werep=0.0100 kg rif andp=0.0182 kg rif. The hypothesis of the exponential fit to the
data could not be rejected, using tifetest at the 0.05 probability level. For the
conventional tillage treatment, CT, the values wer6.0333 kg rif andp=0.0662 kg
m. The hypothesis of the exponential probabilitytritisition function fit to the data
could not be rejected, using tifetest at the 0.01 probability level.

Finally, after considering the data range (0,1) tfae fraction of plot area covered by
vegetation,C, a Beta probability distribution function was chos The probability
density function is (Bury 1999, Chapter 14),

. _T(E+) (x=cY T (d-x\" 1
f(X,E,Z,c,d)—r(f)r(z)(d_c) (d_cj T c<x<d &¢>0 Eq.(4.3)

The value of the boundary values for both treatmemtre c=0 and d=1. The fitted
parameters to the data of the cover crop treatn@@dt,were£=3.31 andc=1.76. The
Beta function fit could not be rejected at the GQoddbability level. For the conventional
tillage treatment, CT, the parameter values vwiete44 and;=3.30. Again the Beta fit
to these data with the test could not be rejected at the 0.05 probaligitel.

4.4. A simple erosion model for microplots.

After examining the behaviour of the erosive preessin the microplots, a simple

model was conceived based on the time evolutidgheegetation covered fractiod,
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the runoff volume induced by the rain, the vegetatover and the soilQ, and the

sediment mas$)s, generated by the rain on the soil for the meapeshk.

There are many simple models in the runoff and swoilsion literature which have
contributed to understand the involved processemifBy et al. 2014; Sheridan et al.
2013; Langhans et al. 2013; Kirkby et al. 2002;ngith et al. 2002; Yu et al. 2000;
Julien and Frenette 1985).

The temporal dynamics of was characterized adopting the model of Waistl.
(2001), who expressed the variation of the bodysmafsliving organisms as the
difference between the incoming energy flow rateé gr@ own mass, which leads to

C=r,(1-€")+o, Eq.4¥.

wherex; andx, are parameters of the modeis the day of observation, ard is a
residual term, defined a&=C,-Ce, with C, and C., as the observed and estimated
values ofC, respectively. Fig. 4.1 shows the fit of Eq. (4@}he measured data in both
treatments. The residual term could be best repredeby a Gaussian probability
distribution function. Eq. (4.4) is valid for thiene interval (1,180), which corresponds
to the period September 1, to February 27, whellystarmers kill the plants of the
surface cover in the CC treatment. For the congeatitilage treatment the time
interval is larger (1, 276), since natural weedslide by the first days of June. A

Uniform probability distribution function was chast generate the time.
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Fig. 4.1. Evolution of observed and simulated fmactof soil surface covered by
vegetation,C, with normalized time,=t/T, with the period being one year, for
conventional tillage, CT, and cover crop, CC, meatts. Parameter values of Eq. (4.4),
k1 andi; were 0.72 and 1.83 for CT, and 0.75 and 6.53 foy t@spectively.

Runoff was characterized by a simple model, somewhailar to the USDA SCS
Curve Number methode(g. Michel et al. 2005; Steenhuis et al. 1995) sinces i

assumed to be linearly related with the rain depthincluding a correction factor for
the vegetation covered fraction, C.

Q=max{n[R(1- )]+, .4 Eq. (4.5)

There is a dimensionless factgr,and a residual term},, with the same units as the
rain depth and runoff volume, definedd&sQ,-Qe, With Q, andQ. as the observed and
estimated values of the runoff value, respectivalge residued, was fitted by a

Gaussian probability distribution function (Tabld}

Table 4.1. Parameters of the Gaussian probabilitgtions to the residuals of observed
variables, fraction of soil surface plant covera@aadc, runoff volume,dg, and

sediment yieldgqs, for the two treatments, conventional tillage, @Rd cover crops,
CC.

residual treatment range mean pr?:\?ebr:hty
dc CT -0.331, 0.128 -0.00294 0.189 0.10

cC -0.562, 0.346 -0.00274 0.172 0.10

dg, Mm CT -16.1, 17.2 -0.0748 5.54 0.10
cC -8.08, 10.6 1.173 3.19 0.10

Jdos kg mi? CT -0.160, 0.261 -0.00386 0.0787 0.01
cC -0.0466, 0.0723  -0.00394 0.0219 0.10

T at which the proposed fit to the data could retdjected

The sediment mass yield by water erosion in theoplot, Qs, can be described by the
simple expression proposed by Moore and Burch (19&®n the transport capacity
concept characterized by the Yang total load Eg.{Yang, 1996, section 6.3.2.4).
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Q =y[(1-C) R]® §°+ 4, Eq. (4.6)

There is a coefficieny, and a residual termgs, defined as in Eq. (4.4) and (4.5), &y
=QssQse fitted, again, by a Gaussian probability disttibn function. Fig. 4.2 shows
the fit of Eq. (4.5) and (4.6) to the measured data

® ® OCT - ' CT:Q=.154 [R(1-C)], r*=.70 ® ® oCT — . = CT:Qs=312[(1-C)R5S™10, 2=0.41
O 0 0CC = -CC:Q=153[R(1-C)), r=68 0 0 OCC — — CC:Qs=301[(1-CRPSS™, 12=0.79
40 T I T I T I T I T | T 100 C T T L || T T LN |

30 - — I .

[
10" = % b s
C 0,

10°
120 107 10" 10°

[(1_C)R]2/5813/10’ kg m-2

Fig. 4.2. a) Relationship between observed rur@ffand the product of rain depth, R,
by the uncovered fraction of soil surfad®(1-C), for conventional tillage, CT, and
cover crop, CC, managemerR is storm precipitation and is cover factor. b)
Relationship between observed sediment yi@ldand[(1- C)R]* S for CT and CC.

Sis slope.

4.5. Monte Carlo simulation scheme: model validatio and extension.

The model consisting of Eq. (4.4)-(4.6) was testedugh a Monte Carlo simulation to
generate sets of runoff volumes and sediment yieddsompare with the observed
results €.g.Press et al. 2007, Chapter 7; Rubinstein 19818. dilmulation starts with
the generation of time, t, slope, S, and rain deRthusing respectively Uniform, and a
Gamma probability distribution functions, for thest two variables, and for the third
one. Next the residues:, &, anddgs were generated using the Gaussian probability

distribution function with the parameters of Talle. After applying Eqg. (4.4) the
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fraction of the soil surface covered by vegetati©nwas evaluated and, subsequently

runoff volume,Q, with Eq. (4.5), and sediment yiel@,, with Eq. (4.6) were computed.

To validate the model 50,000 simulations were redli The fit of the Beta probability

function to measured data is shown in Fig. 4.3.

Observed data| |Simulated
—CT ™ CA:CT B

w
\

Relative frequency
N

=

Fig. 4.3. Relative frequencies of simulated coeetdr,C, obtained using Monte Carlo
simulations, and truncated Beta pdf for observedh Conventional tillage, CT, and
cover crop, CC, management. Parameters of the fBetdion were 1.28 and 3.10 for
CT, and 2.21 and 1.55 for CC, respectively.

The corresponding runoff volume and sediment yilsith were analyzed and their basic
statistical moments were determined. The comparibetween these statistical
moments is shown in Table 4.2. Fig. 4.4 indicatesdose fit of simulated to measured

data, represented by a simple line similar to tbespused by Settin et al. (2007)
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Table 4.2. Comparison between the statistical masneh the measured and Monte
Carlo simulated values of the runoff volume, Q, aediment yield, Qs, separated by
the treatment, conventional tillage, CT, and carep, CC

moment LT CcC
measured simulated measured simulated
Q mean, mm 5.82 5.59 2.12 2.67
s, mm 3.98 3.91 2.67 2.82
coefficient of skew 2.72 2.74 3.37 2.98
Qs mean, kg it 0.0286 0.0370 0.00533 0.00724
s, kg e 0.0527 0.0523 0.0124 0.0153
coefficient of skew 97.1 73.8 28.9 34.6
0.3 ‘ 0.06 ‘
\ Observed o Observed
| § = Qcr ] o — Qscr )
o] = Qc % = Qscc
0.2~ 2? Simulated 0.04 703 Simulated | |
6 | é} . g]u | g L gg . gS—CT B
\6: © g]CC \5-/ b © gs—cc
0.02 .

50 150 250
QS: g m-2

Fig. 4.4. Comparison between observed empiricabadvdity density functions and

simulated relative frequencies of (a) run@jf,and (b) sediment yiel@s.

4.6. General discussion and conclusions.

The key variables that controlled runoff and seditmgeld in the microplots considered
here were the fraction of soil surface covered éyetationC, the average slop§, and
the rainfall depthR. The relationships between these variables ah@dsdiwater losses
given by Eq. (4.5) and (4.6) explained approxima&0% of the sediment yield)s,
and 70% of runoff volume. The smaller slope in the soil loss model, E¢g)4or the
cover crop, CC, as compared to conventional tillagatment, CT, (0.19, and 0.52,
respectively for CC, and CT management systemswshthe relevance of the
agricultural practice n the processes, indicatedhbpy authors as Yet al. (2000). Soll
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losses were greater under conventional tillage thter a cover crop, as expected. The
reduction was more effective for sediment yield,atvhelps for the soil conservation
purpose. Nevertheless in semiarid areas waterrgsm@ortant as a production factor,
what encourages the design of conservation syst@ngsRockstrom et al. 2012), like
infiltration inducing trenches, or water harvestswgch as half moon, or lunettes, which

are being introduced slowly by farmers of the ragio

The dispersion of simulated points (expressed kdive frequencies, Fig. 4.4) was
larger forQ as compared tQs, and large in CT than in CC. It is interestinghtiie that

the dispersion in the simulated data tended toidgpeeh for lower losses, which can be
an effect of tillage on porosity and natural imllion capacity. These points also
showed a higher probability of occurrence, but waemall in number located around the

observed probability distribution function.

In summary, the method presented to describe tbduption of runoff and sediment
yield developing the probability density functioorfCC and CT treatments was
successful. The use of multivariate techniquesotoetate the water and soil loss with
key variables, along with the stochastic generabibthese key variables, allows easily
describing a complex process such as erosion aaldaging the response of process in
function of varying key factors. Thus we have takenmportant step because we have
achieved to interpret field observations and eualtize influence of key variables, and

their integration into a probabilistic model easyse in other settings.
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Chapter 5

A method to estimate soil water diffusivity from
field moisture profiles and its application across

an experimental catchment

Modified from: Espejo, A.J., J.V. Girdldez, K. Vaitinden, E.V. Taguas, and A.
Pedrera. 2014. A method for estimating soil watiusivity from moisture profiles and

its application across an experimental catchmemtydrol. 516, 161-168.
5.1. Abstract.

Despite the well-accepted value of soil hydrauheperties for describing and modeling
matter and energy fluxes in the unsaturated zdres; accurate measurement across
scales is still a daunting task. The increasingilawidity of continuous soil water
content measurements at discrete points in spagepaided by sensor networks, offers
still unexplored possibilities for evaluating sphysical properties across landscapes. In
this study, we propose a new method, based on theeBand Klute equation, to
estimate effective soil water diffusivity from saiater profile data observed during
continuous desiccation periods. An analytical eggian is proposed for the diffusion-
soil water relationship, assuming an exponentiatienship between soil water content
and the Boltzmann variable. The method has beeluatea using soil water profile
data observed at inter-row and under canopy lagstaeross a rainfed olive orchard in
SW Spain. The spatial variability of the effectigeil water diffusivity across the
orchard was estimated. Different soil conditionslemthe tree canopies as compared to
inter-row areas resulted in significantly differeetfective diffusivity relationships,
reflecting the effect of trees on soil physicalgedies and water dynamics across olive
orchards. The proposed method offers a suitabtrnative to traditional laboratory
methods and can be easily extended to estimaténgdibulic conductivity and water

retention curves.

52



Chapter 5. Estimation of soil water diffusivity

5.2. Introduction.

Soil hydraulic properties are important indicatfos assessing soil functioning and are
essential for modeling matter and energy fluxeshie unsaturated zone. However,
laboratory measurements of these properties arergéntime-consuming, expensive
and labor-intensive. Since measurements are madenal soil cores, the results often

lack representativeness for field-scale application

The increasing use of soil water content (SWC) @ensetworks offers as yet
unexplored possibilities for estimating effectiveil s physical properties across
landscapes (Martinez et al. 2013). Such networksganerally established to provide
detailed measurements of the soil water dynamiassa@ range of scales (Vereecken et
al. 2008). Though still limited in its spatial réstion, SWC sensor networks deliver
quasi-continuous information on the temporal dyreanmof SWC at discrete points in
space. In this work, we have extended a tradititatadratory method for estimating soil
water diffusivity (Bruce and Klute, 1956) in order it to be used with field-measured
SWC data obtained during a continuous drying perazdan alternative to laboratory
measurements of soil physical properties. To owvkedge, the method has so far not

been used under such conditions.

Based on the diffusion theory Matano proposed B31&rank, 1956, section 11.62) a
method for estimating the diffusivity coefficiemthich was adopted later in soil science
by Bruce and Klute (1956) for the evaluation ofl saater diffusivity,D(6), where@ is
the volumetric water content, from horizontal alption experiments, when the
gradient of the gravitational component of soil evgiotential is negligible. In this case,
space and time coordinates can be combined withBtiizmann transform which
converts the Richards' equation for horizontal wéitav into an ordinary differential
equation. The original method of Bruce and Kluté5@) required water content and
horizontal distance measurements of the wettingtffoom the water inlet at fixed
times. Whisler et al. (1968) broadened the metlowdsMater content measurements at
fixed positions along the horizontal soil columreli® et al. (1970) confirmed the
validity of both methods for estimating the soiffasivity, D(8). The Bruce and Klute
(1956) method for horizontal flow, was extended Tayner and Parlange (1975) to

account for radial flow from a line source.
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In order to account for the experimentally observelhtionship between the water
content,d, and the Boltzmann variablg, several approaches have been suggested. One
of them is the use of explic®(6) functions such as those proposed by Gardner and
Mayhugh (1958), Ahuja and Swartzendruber (1972)lleMiand Bresler (1977), and
Brutsaert (1979). Alternatively, Cassel et al.,g8pfitted continuous functions to the

& n) data for evaluation of the Bruce and Klute (198)ation. Clothier et al. (1983)
adopted a more elegant approach choosing fit fonsti for which an analytical
diffusivity expression can be obtained. Such retahips have also been proposed by
McBride and Horton (1985), Shao and Horton (1998) &vangelides et al. (2005;
2010). Clothier and Wooding (1983) and Clothier &t (1983) analyzed the
shortcomings of the method to accurately deternteediffusivity for soil conditions
near saturation, as a result of inaccuracies imteasured data and the improper values

of the water retention curve slope in this moistamege.

Other solutions for the horizontal adsorption peoblwere presented by Shao and
Horton (1996), Wang et al. (2004), Prevedello e{2008), and Barry et al. (2010). The
Bruce and Klute (1956) method has also been extendeestimate unsaturated
hydraulic conductivityK(8), and water retention curve®f). Shao and Horton (1998)
proposed an integral method for estimating soilrlytic properties based on horizontal
absorption experiments. Wang et al. (2002) and Mal.e(2009; 2010) developed

analytical methods to determine Brooks and Coreglghparameters.

All these methods were applied to soil samples wunidoratory conditions.
Nevertheless, the use of soil moisture probes alldve extension of the method to
estimate effective hydraulic properties in expentaéplots or watersheds, overcoming
scale and representativeness problems of laboreg¢sojts. Gardner (1970) proposed a
field method to estimatB(6) from successive tensiometer readings at a spetdipth
during drainage of a soil profile, more specifigallsing the rate of decrease of the
matric component of soil water potential with timwed the hydraulic gradient. Clothier
and White (1981) lengthened the Bruce and Klute5§)9method for field

measurements under infiltration.
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The objectives of this work were (1) to develop etmd for estimating the soil water
diffusivity from field-measured moisture data dwgyia desiccation period, and (2), to
assess the influence of olive trees on soil hydragaoperties across an experimental
catchment. An analytical solution has been providedoil water diffusivity, assuming
that the evolution of the soil water profile wiilne can be described by an exponential

relationship.

5.3. Material and methods.

Data were collected in Setenil catchment. Sectiagh dscribes the experimental
catchment and the field data acquisition methodploghis report uses field

observations collected during 2012.
5.3.1. Soil hydraulic measurements in laboratory.

Water retention was measured in 44 undisturbed lesngollected at the 11 locations
across the catchment, with 0.05-cm long and 0.04liameter stainless steel rings. At
each location, a sample was taken at 0.05 andr.dBpth at UC and IR areas. Water
retention for 1 cm <|h|< 500 cm was measured usamgl and sand-kaolin boxes. The
dry end of the water retention curve, roughly ferl@ cm < |h| < 810° cm, was
measured using a dew point psychrometer (WP4-TEEagen Devices Inc., Pullman,
WA). In order to evaluate the water retention cusi@pe, the van Genuchten (1980)
equation was fitted to the data, with the resicral saturated water conteét, andds,
respectively, and the parametersn andn

6=0+(6,-6)[1+(aw,)' | Eq. (5.1)

Table 5.1 shows the fitted parameters and the gessdof the fit.
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Table 5.1. Parameters of the van Genuchten (19&@rwetention equation to the measured data, amdsponding coefficient of efficiency,
for the inter-row (IR) areas and under the candp@)(at the eleven locations.

0s O [of n m Cerr 0s O [of n m Cert
mm®  mm? m [1 [1 m'm®  mm’ m [1 [1

location IR uc
1 .334 .016 3.38 2.15 118 .988 .393 .025 3.54 823 .204 .993
2 .323 .018 3.37 1.91 114 .994 445 .011 284 022 .114 .993
3 .384 .015 3.11 1.94 .108 .994 413 .010 320 620 .121 .993
4 .352 .020 3.38 1.93 118 .986 425 .035 4.03 626 .179 .992
5 .395 .034 4.13 3.14 .120 .987 491 .033 530 33.2 .149 .992
6 .350 .015 3.37 2.15 114 .983 .568 .035 480 93.7 .126 .990
7 311 .026 3.47 1.78 110 973 .366 .028 3.86 526 .127 991
8 428 .019 3.36 2.36 .104 .988 495 .035 535 03.1 .123 .987
9 277 .021 3.43 1.79 141 .985 .539 .035 530 136 .115 .988
10 .352 .011 3.15 2.00 113 .992 425 .031 511 002. .177 .990
11 .373 .010 2.96 1.77 118 .991 .460 .011 3.29 901. .117 .994

mean .350 .020 3.37 2.08 .120 .990 453 .030 4.242.69 .140 .990

S .041 .007 0.297 0.395 .010 .006 .061 .011 .958 .660 .031 .002

0, saturated water conterdt; residuakoil water contentig, n, m, parametersCqy, Nash-Sutcliffe coefficients, standard deviation.
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5.3.2. Estimation of the diffusivity using the Boltmann coordinate.

A simple way to estimate the water transmissiorperties of the soil is the evaluation
of the water diffusivity,D(6)=k(ow/d6), the product of the hydraulic conductivity,

and the water retention curve slopg(d). The Richards equation for horizontal
absorption, or, more generally, for water flow wdhéhe gradient of the gravitational

component of soil water can be neglected, withsfheece coordinate and the time, is

90 _6(._00
96 _9(pof Eq. (5.2
at ax£ axj 9. (5-2)

subject to the initial and boundary conditions witle initial water conten;, and the

surface water contert,
g
=6 t>0 X-w Eq. (5.3)
g

The introduction of the Boltzmann coordinaﬁext'l’z, leads to a new form of Eq. (5.2),

from which the diffusivity can be expressed as

D(@):—E(%) qu(ﬁ')de':——l(—) s(e.6) Eq. (5.4)
2\delg 6 2\dolg

The integral of Eqg. (5.4) represents the sorptjivily of Philip €.g Ahuja and
Swartzendruber 1972).

The soil depth must be great enough to keep therwantent at the bottom of the soill
profile at the initial value. From the observedat®nship between the water content,
depth and time, coupled in the Boltzmann coordinate (5.4) allows the estimation of

the soil water diffusivity.

The soil water profiles in Fig. 5.2 show a quagiafial shape, similar to the profiles
given by Warrick (2003), Figs. 5.3-5.7. Unfortungtenachine traffic and soll tillage

57



Chapter 5. Estimation of soil water diffusivity

did not allow sensors to be installed at or near $loil surface. Introducing the
Boltzmann variable, the water profiles collapsedo inhe familiar shape of the
horizontal absorption described by Warrick (2008)sF4-11, as shown in Fig. 5.3 for

measurements from location 2.

The Bruce and Klute method for estimating soil waldfusivity can be adopted here
by solving Eg. (5.4) with numerical techniques. Hwer there are several simple
analytical functions that can be chosen, as indccdty Philip (1960), McBride and
Horton (1985) or Evangelides et al. (2010). Forghafiles shown in Fig. 5.3, a simple
exponential equation expressing soil moistuig,as a function of the Boltzmann
coordinate,s, with a reference moisture valug,, and a parametes, yielded good
results:

= 6’W(1— e‘a”) Eq. (5.5)

Inserting Eqg. (5.5) into the integral of Eq. (5.8)e sorptivity,S as a function of a

reference moisture conted, different fromé,is

s(6,.6) = —i{(ew—ad) |n(1—%)+(e—ew) '”(1‘6,3]*%“9} Eq. (5.6)

Therefore, the final expression for the diffusivéty a function o§, is

___ S
D(6)= 26.-0) Eq. (5.7)

Eq. (5.5) was fitted to the recorded data usingcthrestrained optimization procedure of
Levenberg-Maquardt (Press et al. 1992, section)15%e Nash and Sutcliffe (1970)

index was selected to assess the efficiency diitthe

Using the slope of the water retention curve (Edfj),3he hydraulic conductivity of the
soil, k(@) can be estimated as

58



Chapter 5. Estimation of soil water diffusivity

Eq. (5.8)

5.4. Results and discussion.

5.4.1. Exploration of soil water profiles.

The hydrologic year 2011-12 was extremely dry, veéttotal rainfall of 357 mm, well
below both the average annual rainfall of the aseal the 2012-13 annual rainfall of
1108 mm. Fig. 5.1 shows the evolution of the top@D.3 m) water content at location
2, both under the olive canopy (UC) and at themearter-row area (IR), from January
to September 2012. Pronounced drying periods cbeldbserved, induced by a high
evaporative demand, during which water contentedesed exponentially at both IR and
UC locations. At UC locations, the drying procesaswnitially faster than at IR
locations. The dry period from DOY 120 to 252 cepended to the summer season,
from June to September. At all measurement locatiower soil water contents were
found at UC as compared to IR areas. The evolufdhe moisture profiles from May
8 to 18, 2012, at location 2 is shown in Fig. AZimilar pattern was observed at the
other locations.

B rain intensity

0 v .
}10 \lTT" \ ‘1 \

45 90 135 180 225 274
DOY 2012
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Fig. 5.1. Temporal evolution of topsoil (0-0.3 mpater content at location 2 from
January to September 2012.
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Fig. 5.2. Evolution of measured soil water profigégdocation 2 from May 8 to 18, 2012,
under the tree canopy (UC) and at the adjacentiote (IR) area.

Table 5.2 shows the fitted parameters of Eq. (&) the corresponding coefficient of

efficiency for the eleven measurement locationdRaand UC areas. The results show

that the proposed exponential equation represenéag( 6) relationships adequately.

Table 5.2. Parameters of the fitted exponentiattion proposed and corresponding

coefficient of efficiency, for the inter-row (IRyeas and under the canopy (UC) at the

eleven locations.

Ow a (o n Ow a Gert n
mm?®  cm'min?? nmm®  cm'min?
location IR uC
1 292 20.8 .854 436 212 2.96 .966 766
2 .232 6.52 .940 314 232 3.93 .849 346
3 223 7.05 .849 259 .358 2.04 .869 341
4 .283 12.3 .989 1217 241 8.71 923 947
5 .215 11.7 .960 405 229 5.76 .928 989
6 .264 17.1 .908 781 .239 16.0 .962 314
7 334 13.8 979 789 .216 16.1 915 1846
8 .209 19.6 .949 343 .198 3.47 .956 434
9 327 25.0 941 159 192 9.58 979 1503
10 .287 17.2 .929 631 231 4.70 973 1231
11 .340 9.94 951 411 257 4.48 .987 817
mean 273 14.6 932 237 7.06 937
S .036 5.86 .046 .042 4.99 .045

6w, maximum reference soil water contestparameter of Eq. (5.5 Nash-Sutcliffe coefficient,

number of data used; standard deviation.
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The coefficient of efficiency ranged from 0.85 t®®, with an average value of near
0.93 for both the IR and UC areas. The referendensder content,d,, ranged from
0.21 to 0.34 fim™, and from 0.19 to 0.36 tm™ at IR and UC locations, respectively.
The averaged, of 0.27 ni m3at IR and 0.24 thm* at UC locations were not
significantly different (p=0.08). The parametewas on average significantly different
(p=0.004) between IR and UC locations. The avevafige was 14.6 and 7.1 cimin*?

at IR and UC locations, respectively. Fig. 5.3gthates the different shape of th€9)
relationship at the IR and UC areas of locationn?2l ¢he adequacy of Eg. (5.5).
Observed differences are a result of different soitditions at IR and UC locations,
leading to higher water contents at IR locationd f&ster drying rates of the soil at UC
ones.

Comparison of this 2-parameter equation with otksipressions for then(H)
relationship yielded similar results. Despite twadiéional parameters, the equation

proposed by Evangelides et al. (2010)

0=-6,~a.tan* (B +y:n), Eq. (5.9)

where 6y, og, fe, andye are parameters, yielded average coefficients fidieficy of
0.94 and 0.90 at the IR and UC locations, respelgtivsimilar to those found for Eq.
(5.5). Fig. 5.3 also exhibits the fit for this etjoa for data from location 2.

0.3 T T T T T T T T T 0.3 T T T T T T T T

location 2

0, m®m=

Eq. (5.5) |
—————— Evangelides et al. (2010)

0 ! 1 | 1 I 1 I 1 | 1 O 1 I 1 I 1 | 1 | 1
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1

1, cm min-'?2 n, cm min-"2
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Fig. 5.3. Transformed profiles of soil water corttén as a function of the Boltzmann
variablen, at location 2 for the inter-row area (IR) and enthe canopy (UC). Fitting
lines are Eq. (5.5) and the equation proposed fanga®lides et al. (2010).

The McBride and Horton (1985) equation was not carag since its results were very
similar to those obtained by Evangelides et all(@0as can be appreciated in the latter
work. The Philip (1960) equations were simpler begs adequate for the specific

conditions of the present work.

Fig. 5.4 shows the relationship between the nomedliwater contentd §,, and the

product of the Boltzmann variable and paramatieom Eq.(5.5) for IR and UC areas at

all locations. Data from different locations mergeasonably well into a single

relationship, indicating the adequacy of the Bokumm transform at both IR and UC

locations.
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Fig. 5.4. Relationship between the normalized watetent,6/6,,, and the product of

the Boltzmann variable and parametefrom Eq. (5.5) for inter-row (IR) and under

canopy (UC) areas at all locations.
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5.4.2. Estimation of diffusivity and hydraulic condictivity.

Soil water diffusivityD(8) was estimated using Egs. (5.5) — (5.7) for UC i&dreas at
all measurement locations. Fig. 5.5 shows the sliffty function for UC and IR areas
at location 2. A similar shape was observed at dhieer measurement locations.
Diffusivity was larger at UC locations as compatedR ones. The difference iD(6)
between IR and UC was largest at intermediate veatetents, roughly between 0.1 and
0.2 ntm3as a result of the smaller bulk density observetha UC locations, and

possibly a larger organic matter content due tqtiesence of dead leaves and roots and

T ‘ T

location 2

Fig. 5.5. Estimated hydraulic conductivity functié() at inter-row areas (IR) and

under the tree canopy (UC) at location 2.

the protective role of the canopy retarding organatter decay.The beneficial effect of
soil organic matter on structure favors higher saiter transmission rates. The soil at
IR areas was more compacted than the UC soil asudt rof intense heavy machinery
traffic during olive harvesting. In addition, theCUsoil was more protected by the
canopy from natural consolidation than the IR sbig. 5.6 shows the relationship
between the fitted parameter and topsoil (0-0.2 m) bulk density aafid UC areas for

the 11 measurement locations. The correlation miefit was 0.70.
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The hydraulic conductivity functiok(6) was estimated using Eq. (5.8) for UC and IR
areas at the 11 measurement locations. Fig. 5.Wsshibe hydraulic conductivity
function for UC and IR areas at location 2. A sanishape was observed at the other
measurement locations.The hydraulic conductivitg wae to two orders of magnitude
larger at UC areas as compared to IR. The differémreased for decreasing soil water
contents. Also, Lebron et al. (2007) found loweditaylic conductivity values at IR

locations in a pinyon-juniper woodland in the Sowthst of the US.
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Fig. 5.6. Relationship between the fitted a paramand topsoil (0-0.2 m) bulk density
at inter-row (IR) areas and under the tree candpg)(for the 11 measurement

locations.

5.4.3. Spatial variability of soil water dynamics.

The spatial variability in the fitted parameterstioé water retention equation (Table 1)
and the variability of the fitted parameters of Eg5) illustrate the spatial variability of
the soil water dynamics across the experimenta@hoa¢nt and highlight the effect of
the trees. Fig. 5.8 shows the spatial distributadnthe fitted parametea for the
relationship between the Boltzmann variable andvilager content at inter-row (IR)
areas and under the tree canopy (UC).In both nthpsareas with the lowest values
correspond to zones with shallow stony soil prsfilith protruding rock fragments.
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location 2
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Fig. 5.7. Estimated hydraulic conductivity functiéy)) at inter-row areas (IR) and

under the tree canopy (UC) at location 2.

a, em™min*? ¥ a, cm?min*? ¥
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Fig. 5.8. Spatial distribution of the paramete(Eq. 5.5) for inter-row (IR) areas and
under the tree canopy (UC).
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5.5. Conclusions.

The availability of frequent soil water measuremnseatquired using a sensor network in
an olive cropped experimental watershed allowetngle estimation of the soil water
diffusivity functions using the Boltzmann transfar@nly soil moisture data obtained
during a drying period, for which desorption prams dominated, were employed. A
simple exponential relationship between the Boltamaoordinate and the soil water
content fitted the measured soil water profile da&dl, with the parameters reflecting
the main characteristics of the soils across thddeape. Using a continuous function
for the water retention characteristic, the metbad be further extended to provide the
hydraulic conductivity function. The proposed methwill be used for further research
to analyze soil water processes throughout the gedrthe results obtained will be
compared with laboratory measurements.The spatligiyibuted diffusivity functions
were useful for describing the desorption procesbas occurred during prolonged
drying periods, and were relevant for soil and watenagement at the farm. The
estimation of diffusivity during absorption as ault of infiltration processes requires
other approaches such as the one proposed by &latind White (1981) or the inverse
method of Sisson and van Genuchten (1991).
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Chapter 6

Soil moisture modelling to identify spatial and

temporal hydrological patterns'

"Modified from: Espejo, A.J., L. Brocca, K. Vandedien, T. Moramarco, and J.V.
Giraldez. Soil moisture modelling in an olive-treglanted catchment in Spain to
identify spatial and temporal hydrological patterndnpublished, submitted to

Geoderma on June 2014, 6.
6.1. Abstract.

Information on soil moisture dynamics is essentml improving land use and soll
management in catchments. In this work soil mogsitontent was measured using a
sensor network placed across eleven locations wéhainfed catchment cropped with
olive trees in south-western Spain. The sensorse westalled under the olive tree
canopy (UC) and between tree rows (IR) to exploeeibfluence of the vegetation on
soil water dynamics. The information gathered aftey years of observations has been
used to evaluate the performance of the soil wadmce model (SWBM) of Brocca et
al. (2008), by considering the calibration of ag&nparameter, saturated hydraulic
conductivity, Ks. The spatial variability of soiytiraulic properties and rainfall canopy

interception, was analysed.

Results indicated that the model successfully captinourly soil moisture dynamics

with a Nash-Sutcliffe efficiency index above 0.90 UC and IR locations by using, for

both locations, the spatially averaged and poifitreoisture data. Moreover, for UC

sites, a closer representation of soil moistureadyins was found by adopting a simple
interception formulation in the original model sofe The simple interception

component indicated an average fraction of 10%hef fainfall during the two-year

period. The spatial mean hydraulic conductivity, Estimated was 6.5 mnttand 23.7

mm h* for IR and UC, respectively. The spatial distribotof the Ks showed a
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clear influence of bulk density. Therefore, thegmeed model is a useful tool for the

interpretation of the hydrology of this catchment.

6.2. Introduction.

Cachment management requires a precise undersgaodlisoil water dynamics in
agriculture (Martinez et al. 2010), flood washimgydcca et al. 2011a; Camici et al.
2011) and climate change forecasting (Mittelbachalet2011). However, the high
spatio-temporal variability of soil moisture repgass a barrier that precludes a closer
characterization of catchment properties (Vandddmet al. 2012; Vereecken et al.
2008).

Moisture controls the energy and mass exchangeeeetwsoil-plant interface and the
atmosphere, (g Koster et al. 2009). Evaporation determines plgrdwth and
agricultural productivity (Viola et al. 2012; Roduez-Iturbe et al. 1999) and depends
on soil moisture (Brutsaert, 2014; Betts, 2004 xtlkermore, vegetation regulates soil
moisture dynamics (Guswa, 2012), while soil momstaiso governs carbon fluxes
between the soil and the atmosphere (Williams aberson, 2004).

Despite some exceptions (Robock et al. 2000; Hglinand Isard, 1994) and recent
efforts (Dorigo et al. 2013), historical series sfil moisture measurements are not
generally available, in contrast to rainfall or @timeteorological data (Palecki and Bell,
2013). Nowadays, due to technological advances possible to measure soil moisture
frequently and simultaneously in multiple sitesni®ée sensing provides quite accurate
soil moisture information (Brocca et al. 2011b)haligh its spatial and temporal
resolution is often insufficient for small-scalepéipations (<1 km?2) or for precise
analyses of the mutual influence between the végatand the soil moisture content.
These limitations can be overcome through moist@msor networks for monitoring
soil moisture at intermediate scales, ~1 km?2, agbdr temporal resolutions,g hourly
(Fares et al. 2013; Robinson et al. 2008).

In situ measurements are essential for evaluatoig rsoisture dynamics, but this

information must be integrated into large space tand scales (Beven, 2000). Several
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models have been developed for the descriptiorhefspatio-temporal evolution of
moisture (Brocca et al. 2013a; Baudena et al. 204Bertson and Kiely, 2001,
Famiglietti and Wood, 1994). The large number ofpseters of many of these models,
which are not always available, restrict their usgdss. Brocca et al. (2008) developed
a simple conceptual model to represent the tempawalution of soil moisture in an
experimental catchment. Its main advantage is thatpite of its simplicity, it yields

accurate estimations of measured soil data.

Soil hydraulic conductivity is one essential parteneof hydrological models.
Nevertheless, it is not easily estimated througbadimeasurements in the field. Inverse
methods are usually adopted for this purpose (&ckehl. 2011), which can be carried
out with the help of soil moisture data (Espejale014; Pan et al. 2012).

Many Mediterranean catchments are covered wittealichards. However, few studies
have evaluated their influence on soil moistureasiyics.

The main objective of this work was to explore sobisture evolution using a simple
model to identify spatial and temporal hydrologigetterns. The tree’s role in the

hydrology of the catchment will be analysed.

6.3. Material and methods.

6.3.1. Data sources.

The work was performed in the experimental catchma Setenil. Section 2.5
describes the experimental catchment and the digld acquisition. In this chapter, data
collected during two years, from June 1, 2011 toyMgl, 2013 were used.
Measurements of soil water content recorded byl®eS sensor at 0.05 and 0.15 m

depths were averaged, thus representing the tom @2he soil.
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6.3.2. Soil moisture modelling.

The soil water balance model (SWBM) of Brocca et(2008) was used in this work.
The model is described in Fig. 6.1. The model hesnbexhaustively tested in other
applications, providing excellent results undefettént conditions, sites and scenarios
(e.g.Gumuzzio et al. 2013; Brocca et al. 2013, 2010682 Lacava et al. 2012). The
model can be downloaded free at http://hydrologyanr.it/people/l.brocca. The inputs
of model are air temperature and rainfall data. Moelel parameters are the maximum
moisture storage of the soil lay&Vay the saturated soil hydraulic conductivil, the
pore size distribution index, the air entry pressure head, and the crop coefficient,
K.. Readers interested are referred to Brocca €2@1.3a) for a full description of the

model equations and parameterization.
6.3.3. Interception modelling.

Preceding studies (Espejo et al. 2014) indicateith@ortant influence of the olive trees
on the temporal evolution of soil moisture duedmfall interception and transpiration.
Therefore, the SWBM model was modified (SWBMI) ta@caunt for canopy
interception at UC locations. A schematic diagranthe SWBMI model is shown in
Fig. 6.1.

Interception], was modelled based on the scheme of Rutter €31). Stemflow was
assumed to be negligible because the canopiessneak and the UC sites were located
far from the trunk (Lebron et al., 2007) outside gtemflow infiltration area (Gémez et

al. 2002). The net rainfall infiltrating into theik r,, was computed as

0 0) —{O' R(Y< S Eq. (6.1)

R(t)- S, otherwist

whereR(t) is the total amount of rainfall from the beginniofa rainfall event until
timet, andSyaxis the total capacity of the canopy interceptitorage. A minimum of 6
hours without rainfall was assumed in order to s#atwo consecutive rainfall events
(Hershfield, 1963).
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SWBM SWBMI ¢4

r(t) l -

rn(t)

e(t) lr(t)

g fo |
W(t) Wmax W(t) Wmax

IFE lew

e: evapotranspiration; S: water amountin the canopy; W: water amount in the soil
Spmox: Maximum value of 5; W,,.: maximum value of W, f: infiltration; r: rainfall;

max®

r,: net rainfall; g: percolation

Fig. 6.1. Schematic diagram of the Soil Water BedaiModel (SWBM) and of that
model with the addition of the canopy interceptsdorage (SWBMI).

6.3.4. Model calibration and validation.

For both the SWBM and the SWBMI models, the valoésthe parameters were
estimated through a gradient-based optimizatioordalgn. The maximization of the
Nash-Sutcliffe (1970) efficiency index between alied and simulated moisture data
was taken as an objective function. The Root Megqna& Error, RMSE, and the

coefficient of determination, Rwere also used for evaluating the models perfonma

The reduced parameterization scheme proposed byc8ret al. (2013a, 2013b) was
employed to improve the identification of the mogarameters. This scheme reduces
the number of parameters to be estimated with gien@ation procedure from 5 to
one, i.e., Ks, which is often found as the main driving paramdtg soil moisture
dynamics (Martinez et al. 2014; Morbidelli et aD12). Thei and yy, values were
derived as a function d{; fitting the values reported for Rawls et al. (198&hile K.
was fixed in accordance with the probe-error ruhsghe models, varying all the
parameters freely, and literature (Villalobos et24100). FolWax the same procedure
was followed and the values obtained were compuaiitd those calculated using the

minimum and maximum moisture observations and thielayer depth. Note that, for
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the SWBMI model, two parameters were optimizes, Ks andSyax For the calibration

of both models th&s value was constrained to vary between 0.01 amB(i’. At the

UC areas, a feasible range &f.x values ranging between 0.01 and 2.60 mm was
adopted from those given by Gémez et al. (2001) also developed an empirical

relationship between the leaf area index Spg

Spatially averaged moisture values for UC and I&ations were used to analyse the
model capacity to simulate hourly moisture timeieseand its robustness. Following
Brocca et al. (2013a), five configurations for bedition and validation of models were
tested. The calibration periods were: year 1, Zedine dry period of year 1 (from June
to October), the wet period of year 1 (from NovemtioeMarch), the dry-wet transition

period of year 1 (from February to June), and tled-dvy transition period of year 1

(from December to April). Except for the second foguration, the second year was
always used for model validation. This proceduréovedd us to evaluate the

performance of the models in reproducing spatisam&oil moisture measurements, to
select the best configuration for model calibrataord validation, and to compare the

temporal evolution at IR and UC, respectively.

Once the configuration for their calibration andidaion was selected, the models
were applied individually to each of the 11 moringrsites. The SWBM model was
applied to the IR locations. For UC, the SWBMI miod@s applied, except points 10
and 11, where the SWBM model was used becausedés were young with a small
canopy (see southeast area in Fig.1). This proeeallowed us to determine the spatial
distribution of the soil hydraulic properties agothe catchment, especially the
saturated hydraulic conductivit)ks, and to evaluate the rainfall interception by the

adult trees.

6.4. Results and discussion.

6.4.1. Soil moisture measurements.

The temporal evolution of mean spatial moistur®.@-m horizon) showed a seasonal

pattern in response to weather conditions, witly ldrying periods reaching values near
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0.03, and 0.04 i at IR and UC locations, respectively, (Fig. 6/2dte also that, in
the first year of available data, the rainfall wasy sparse (357 mm Yy as compared

to the average annual rainfall of 650 mrit ym the area, while in the second year the

rainfall was abundant (1108 mmiyr
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Fig. 6.2. Hourly evolution of spatial mean measufé,s) and SWBM simulated
(«Bsip) soil moisture at inter-row, IR, locations andden canopy, UC, for year 1 for
calibration (left) and year 2 for validation (righ&t the top, the rainfall is shown and at
the bottom, the differences between spatial meaistore measured at IR minus those

of the UC location are displayed.

The data evidenced that for most of the year saiistare at IR locations was higher
than at UC locations. This is in contrast with diservations of some authors for other
tree species with larger canopies.g( Liang et al. 2011), but agrees with the
observations of Gomez et al. (2002) in olive ordsain Andalusia. The largest
differences were observed after low intensity m@inffor which canopy interception
was significant, and during periods without raihts a result of transpiration (see also
Espejo et al. 2014).

6.4.2. Modelling spatially averaged soil moisture.

As a preliminary step, thé/hax andK. model parameters were fixed. The results of the
different model runs for several calibration/vatida configurations yielded foWWmax

an average value of 70 mm. This value was simildhat of the corresponding data for
a 0.3 m thick layer according to the differencesMeen the maximum and minimum
observed moisture values observed. The latter We2& and 0.03 hm?® at IR
locations, and 0.25 and 0.04 m™® at UC, respectively. Fdf. model runs gave values
in the range of 0.30-0.51 at IR, and 0.64-0.82U@r sites, respectively. These values
were in accordance with the values suggested initdrature (Villalobos et al., 2000;
Orgaz and Fereres, 1997). THGswas fixed at 0.45 for IR and 0.70 for UC, agax

at 70 mm for both locations.

The models performance for the different calibmatiand validation configurations

selected is summarised in Table 6.1 for IR locatiDme best result was found using
year 1 for model calibration and year 2 for validat For the calibration, the Nash and
Sutcliffe efficiency index ranged from 0.54 usimg tdry period of year 1 to 0.96 using
complete year 1 and complete year 2. Validatiorieficies ranged from 0.84 to 0.97
using the wet period of year 1 and complete yeaeshectively. As expected, the worst
values were obtained when short periods of timeswsed for model calibratior.@.
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dry period of year 1 and wet period of year 1), levlthe best results were obtained if

periods characterized by a wet-dry or dry-wet titeors were considered.

Table 6.1. Summary of the model performance andrpaters obtained for inter-row
(IR) locations using the SWBM model to simulate tepamean soil moisture for

different calibration/validation (cal/val) configations, see Fig. 3 or section 2.5.

IR model parameters model performance (cal / val)

cal/val K - RMSE

period (;'m HY) (mqu:) NS R (m® m®) x10?
yearl/year2 2.95 264.6 0.249 0.96 /0.97 0.9670.9 1.00/1.17
year2/yearl 2.60 271.8 0.238 0.96 / 0.96 0.966 0.9 1.20/1.10
dry yearl/year 2 3.56 254.4 0.265 0.54/0.89 pHhe1 1.38/2.00
wet yearl/year 2 3.10 261.9 0.254 0.63/0.84 0/6585 1.23/0.84
dry-wet yearl/year 2 3.48 255.7 0.263 0.84/0.92 .90D/0.94 0.90/1.14
wet-dry yearl/year 2 2.78 2679 0.244 0.82/0.93 .85D/0.94 0.93/1.65

K.: crop coefficient, (0.45 for IR and 0.70 for U®): saturated soil hydraulic conductivitg,: air entry

head,A: pore size distribution indeXNS Nash-Sutcliffe efficiency indexy, andA were estimated as a
function ofKg according to Brocca et al., (2013a).

The Ks values obtained at IR locations were in the ravfghose found in the literature
for sandy loam soils (Rawls et al. 1982). Only drddferences were observed for the
different calibration/validation configurations. iSHurther demonstrates the robustness
of the model for representing temporal moisturealality, as claimed by Brocca et al.
(2008 and 2013a). The averagevalue for the different calibration/validation fmets
was 3 mm H, resulting in values of 263 mm and 0.25 fgrand2, respectively, using
the expressions fitting the data given by Rawksl.ef1982).

Overall, the models performance at UC locationsrowed when taking into account
canopy interception. The results for the differeafibration/validation periods are
shown in Table 6.2 applying the SWBM and SWBMI mleddhe SWBMI model

performed better in all the calibration cases, iineas found to be superior in four out
of six validation cases. The monthly pattern of eloefrors indicated that the largest

improvements in the SWBMI performance with respecthe SWBM performance
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were found in Spring (calibration and validationyhen the effect of canopy
interception is expected to be more significantaose of shorter rain events of a low
intensity (Rutter, 1975). Using the SWBMI model mage, Nash and Sutcliffe and
RMSE values for calibration were 0.82 and 9.8%1@> m™, respectively. For the

validation, the values of these model performancexes were 0.92 and 14.8<10°

m3, respectively.

Table 6.2. As in Table 6.1 but for under-canopy JU@cations and by using the
SWBM and SWBMI models. The first line of each cguofiation represents the results
applying SWBM while those of the second line applySWBMI.

uc model parameters model performance (cal / val)
cal/val Sn K - RMSE
, o - Yooy NS R RS
period (mm)  (mmHA?)  (mm) (m> m”) x10
carl/vear? 4.03 2477 0276 0.93/095 0.93/0.95 1.26%1.
yearlly 156  4.06 2481 0277 093/095 0.93/0.96 1282
car2vearl 3.34 257.8 0.260 0.95/091 0.96/0.92 1.28%1.
yearely 257  3.19 260.4 0256 097/0.87 0.97/0.88 D1B6
drv veardvear 2 253 2731 0236 0.21/094 0.30/0.96 1.2811.
ry yearlly 258  3.20 260.4 0.256 0.36/0.96 0.51/0.97 1113
wet vearL/vear 2 3.13 2615 0254 0.75/092 0.75/0.93 1.0661.
yearlly 164  2.84 266.7 0.246 0.83/0.93 0.83/0.93 DB27
drvewet vearLivear 2 6.34 2228 0.314 0.95/0.90 0.94/0.94 0.7341.
ry-wetyearl/y 248 5.6 2341 0297 0.95/091 0.95/0.96 0163
4.27 2445 0281 0.86/092 0.95/0.92 1.0831.

wet-dry yearliyear2 , o\ 449 2418 0285 0.87/091 0.96/0.91 1085

The Snaxwas on average 1.8 mm, and ranged from 0.01 (vyepetiod for calibration)
to 2.58 mm (dry period). These ratios were in age® with the values given by
GoOmez et al. (2001). For the SWBMI, the average value, for the different

calibration/validation periods, was 3.8 mi, hesulting iny, = 252 mm and = 0.27.

The observed and modelled mean moisture data f@o and UC (bottom) locations,
and the difference between moisture values forn®@C, are compared in Fig. 6.2, for
model calibration using year 1 and model validatiming year 2, respectively. The
figures highlight the good results obtained wita tise of moisture models. The greatest

differences between observed and modelled values wieserved in January 2012,
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especially for IR locations, but this might be iatited to an underestimation of the

rainfall observed.

6.4.3. Spatial distribution of K.

In the second part, the SWBM and SWBMI were apple@ach monitoring location

for IR and UC areas, respectively, according totwhalescribed in section 6.3.4. The
models’ performance in terms of R2 and the paranestgmated for each location are
displayed in Table 6.3. In addition td/n. the table also shows minimum and

maximum moisture values measured at each location.

The accuracy of the soil moisture models decreatigitly when compared to their
application to the spatially averaged data. Theérage values ranged from 0.86 to 0.89
at UC and IR locations, respectively, for calibvati and between 0.81 and 0.89 for
validation. The saturated hydraulic conductivityrigd significantly across the
catchment and was on average significantly higher0.09) at UC locations as
compared to IR. A lower variation was also found W compared to IR as a
consequence of the transit of machinery, with wamecoefficient values of 0.7 and 1.0,
respectively. The mean of the estimakegvalues was 6.5 and 23.7 mrit ht IR and
UC locations, respectively. Only at points 4 and WC locations show a lowdfs
value. The greater soil depth at IR with respedi@at location 4, and an accumulation
of manure and frequent tilling operations in thastpf the catchment at the IR area of
location 10 could explain these differences.
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Table 6.3. Estimated soil hydraulic parameterstiier eleven sample points at inter-row (IR) and ww@d@opy (UC) locations, applying the
SWBM and SWBMI models at individual points, respeslly, and year 1/year 2 configuration for caliltvatand validation. Note that for 10 and
11 UC locations the SWBM model was applied.

Ormin Omax Wiax  Ks R Ormin Ormax Wiax K Srax R
(m*m¥  (Mm3 (mm) (mmhY (m*m¥ (Mm% (mm) (MmmhY)  (mm)
location IR uc
1 0.03 0.32 110 2.7 0.89/0.89 0.01 0.16 80 428 1.65 0.70/0.70
2 0.02 0.27 80 31.1 0.92/0.88 0.02 0.33 50 9.84 2.58 0.80/0.78
3 0.04 0.27 100 8.7 0.92/0.89 0.01 0.30 60 052 2.09 0.92/0.86
4 0.04 0.38 70 18.3 0.86/0.87 0.03 0.25 70 9.5 1.71 0.93/0.93
5 0.01 0.26 80 2.0 0.92/0.94 0.02 0.28 80 27.6 1.65 0.85/0.84
6 0.08 0.39 80 1.7 0.93/0.96 0.04 0.33 70 48.8 1.71 0.82/0.75
7 0.04 0.25 80 6.3 0.92/0.96 0.05 0.25 70 9.0 1.50 0.90/0.91
8 0.03 0.39 70 3.2 0.82/0.80 0.01 0.19 60 34.7 1.71 0.88/0.60
9 0.04 0.25 70 1.7 0.88/0.88 0.05 0.24 70 11.2 2.09 0.91/0.91
10 0.04 0.30 70 24.0 0.85/0.89 0.01 0.19 70 20.9 - 0.87/0.88
11 0.02 0.32 75 22.6 0.85/0.81 0.01 0.30 80 4938 - 0.86/0.84
min 0.01 0.25 70 1.7 0.82/0.80 0.01 0.16 50 9.0 1.50 0.70/0.60
max 0.08 0.39 110 31.0 0.93/0.96 0.05 0.33 80 49.8 2.58 0.93/0.93
GM 0.03 0.30 80 6.5 0.89/0.89 0.02 0.25 68 23.7 1.83 0.86/0.81
CcVv 0.51 0.18 0 1.0 0.04 /8.0 0.69 0.23 0 0.7 0.19 o0.0812
median 0.04 0.30 80 6.3 0.89/0.89 0.02 502 70 27.5 1.71 0.87/0.84

Omin Minimum value observed for soil moistutk,, Mmaximum valueW,,, maximum soil moisture storage,. saturated soil hydraulic conductivit$M: geometric mean,
CV: coefficient of variation.
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The spatial distribution ofKs was consistent with laboratory analyses aimed at
determining the water retention curves for thet {092 m depth of the soil at these
monitoring locations (Espejo et al. 2004). Thesalyses indicated a lower porosity at
IR locations, which can be accounted for by thedowulk density. Tilling operations
and the transit of machinery between trees inceedise spatial variability of soil
properties, and, consequently, modifies the hydjiokd patterns of the catchment
compared to natural conditions.§g by modifying theKs value, Gomez et al. 1999).
Plant canopies protect the surface layer preverttiegsoil surface from sealing, and
usually concentrate soil microorganisms, which ioverthe water infiltration into the

soil compared to bare soil (Thompson and Katul 2201

The scatter plot between the estimatgdalue for the eleven sample points, for IR and
UC locations separately, versus the measured tof&@.2 m) bulk densityn, is
shown in Fig. 6.3. In general, IR bulk density veduvere higher than those in UC for
the same location, and the value measured at goiat IR location was particularly
high, 1.86 Mg rit. At this location, the maximum soil depth for IRasv0.20 m. The
trend of the data indicated a clear decrease Innader transmission with the increase
in o, although the correlation coefficient was 0.51.eTrelationship was more
consistent at the IR location. The influencegpion important soil hydraulic properties
such a¥s agrees with the results previously found by Espejal. (2014) for the same
sample points by using an independent methodolddey determined the soil
diffusivity, D, by using moisture measurements during soil drypegiods and the
Boltzmann transform for space and time coordinaesd, identified thap, also had an

important effect on this property.

6.4.4. Canopy interception.

Even though the proposed interception model wag senple (section 6.3.3), results
were encouraging. A total of 89 rain events wenes@ered in this analysis using the
SWBMI at the 9 individual monitoring UC locationsnly points with adult trees, Fig.

2.3, positions from 1 to 9). The average accumdladénfall depth per event was 16.2

and 14.8 mm for year 1 and year 2, respectively.
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Fig. 6.3. Relationship between the measured butlsitle a,, for 0-0.2 m, and estimated
saturated hydraulic conductivit¥s, for the individual monitoring locations at inter-

row, IR, and under canopy, UC

Exponential relationships were found between raenes and the canopy interception
ratio using the SWBMI with year 1 for calibratiomchyear 2 for validation, for the
different UC locations (Fig. 6.4). The figure regeats the interception value for each
monitoring point and event. An exponential fit toe UC locations was proposed, with
a determination coefficient, ‘R 0.77. For comparison, the general relationship
proposed by Gomez et al. (2001) obtained by obsensat five typical olive trees
with a different leaf area index during successvents, was also plotted. A similar
pattern was found for rainfall depths lower thamm with interception values reaching
90%. Estimated canopy interception for rainfall thspof over 7 mm was significantly
lower than that observed by Gomez et al (2001)ab®e the S« ratios measured by
these authors were higher. However, the tree ndiley these authors had a value of
Smaxequal to 1.51 mm, similar to that found by u88lmm). Thus, the exponential fit
proposed by us was fitted to adapted data fromatttieors at this tree. A fit score’R

0.56, was obtained, and the pattern was simildreé@mne proposed in this work.
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Fig. 6.4. Relationship between the estimated rHirdanopy interception,|, and
measured rainfallR, at each UC monitoring location, and fit proposeda solid line.
Added to this was the relationship suggested by &oet al. (2001) from observations
at five typical olive trees with different leaf arendexes, and reported data for a single
tree, named tree E. Tree E had a similar maximumoppainterception storag&nay to

that obtained by us, and thus our proposed fitapgsied.

A mean spatio-temporal interception ratio of appraately 0.10 was estimated
considering the average event rainfall depth ofttbee year period, 15.0 mm. This ratio
is a low one compared to other plant species umdediterranean conditions, as
summarized by Llorens and Domingo (2007), but i wathe range reported by Gomez
et al. (2001)j.e., 7-25%. This can be explained by the small sfzb@olive leaf, which
limits its ability to store water, and by the sture of their canopies.

However, this value ranged from 17.3 to 48.3% fearyl and year 2 when averaging
temporal and spatially the interception ratios wigd in the individual rainfall events in
the 9 locations. Comparable ratios of 29.2% andB%5for year 1 and year 2,
respectively, were found on averaging the inteioeptalues estimated by applying the

relationship proposed by Gomez et al. (2001) to rdiafall collected. The highest

84



Chapter 6. Soil moisture modelling

interception ratios were obtained in the Spring then and although the canopy
interception model proposed here does not consideeffect of rainfall intensity over

the canopy saturation process, lower rainfall isii#s could explain this interception
increase (Ramirez and Senarath, 2000). Equallyhitiger interception values for the
second year were attributed to a greater occurreficemall and low intensity rain

events (Rutter, 1975).

6.5. Conclusions.

The soil water balance models employed in thisys{tocca et al. 2008) were found

to be successful in reproducing the hourly soilshoe temporal evolution in an olive

tree-planted catchment in south-western Spain. Mae the models were able to
highlight the differences between the process tar irow and under canopy areas. By
using spatial mean soil moisture and records ofviddal sample locations, the

performance score values in terms of the determmatoefficient, R2, and Nash and

Sutcliffe efficiency indices were found to be owe®0, while the RMSE was very low

and always below 0.02%m>,

The procedure allowed the estimation of relevaiittsalraulic parameter values at a
small catchment scale. Specifically, the averadeevaf Ks was equal to 6.5 mmi‘hat

inter row areas and lower than the value obtaineshder canopy locations (23.7 mm h
). These results showed a lower capacity of soilstage transmission at inter row

location, and agreed with the previous resultsinbthby Espejo et al. (2014).

Moreover, the rainfall canopy interception process investigated by means of the
model. The average value of the maximum capacitgasfopy water retention was
equal to 1.83 mm. A simple relationship betweenrtiefall canopy interception and
rainfall depth was also proposed, indicating anraye canopy interception ratio of

around 0.10 for the period analysed.

Overall, this work shows the usefulness of meaguswil moisture intensively by using
a sensor network to improve the calibration of nedend to identify spatial and

temporal hydrological patterns. The hydrologicabgasses at inter row and under
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canopy locations have been compared. Future woilk$e addressed to analyze the
runoff process of this catchment and the effecrdecedent soil moisture by using the

soil water balance model as an exploration tool.
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Chapter 7

Control of soil water and olive trees on measured
and modelled rainfall-runoff relationships in a

small Mediterranean catchment

7.1. Abstract.

Soil and water conservation is a necessary elemkrny catchment management
system. A simple hydrological model, MISDc, develdby Brocca et al. (2011) has
been applied to the rainfall runoff response ofimstrumented catchment of south-
western Spain. Runoff was measured by using a ggugation built at outlet of the
catchment. Soil water content was measured acrtssere locations within the
catchment, and at each one the landscape was diivideo under canopy, UC, and
inter-row areas, IR, of trees. The model reliapiind robustness were evaluated in
terms of runoff and soil water content simulatiovith the objective to analyse the
influence of vegetation and the antecedent soiemadntent on catchment behaviour.

Calibration-validation results showed that the niggerformance was consistent in
reproducing the ten-minutes runoff hydrograph, vathash-Sutcliffe efficiency index
of around 0.65, and 0.85 for the spatial meanwaikr content, at IR and UC for both,
respectively. No differences were found in the fligeneration between IR and UC,
although differences on soil water dynamics wer¢éeated. A clear influence of
antecedent soil water content with a minimum thoéslaround 0.60 was appreciated,
and the annual average runoff ratio was 0.21. Aukition of 9 years showed that
annual rainfall was concentrated during 4 monthdty Fpercent of the events

accumulated 28% of rainfall, of which only 10% ocadisunoff.
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7.2. Introduction.

Catchment hydrological processes result from theusaneous interaction of multiple
factors (Graham and McDonnell, 2010; Detty and Mic§u2010). To get a clear,
although simpler characterization of those procedise rainfall-runoff relationship can
be a useful tool to explore the influence of clieyaoil properties and land use (Soulsby
et al., 2008).

After an extended review of the scientific advanaeshe hydrology of ungauged
catchments during the last decade, Hrachowitz.€R@l3) concluded that there is still
a long way to go in terms of achieving more rolared reliable predictions. Nowadays
a plethora of rainfall-runoff models exist, but tigeeat number of parameters they
demand precludes their accessibility. Simplifiethfidl-runoff models can be more
versatile for the description of hydrological preses with a few parameters.d
Brocca et al. 2011; Majone et al. 2010; Sivakun2éX8). Assessing such models in
terms of runoff simulation performance is insuffici. Internal validation is still

required to assess their reliability and robustness

Recently instrumented basins allow more preciserpnétations of their behavior
(Spence, 2010). Soil moisture is one of the relefastors that control the hydrological
response of catchments, (Zhang et al. 2011; Breteh 2008; Fitzjohn et al. 1998). A
sound hydrological knowledge of a basin is essktdgianplementing successfully soil
and water conservation practices, particularly iensitive areas such as the
Mediterranean. Despite the representativeness ed trops i(e. olives) in the

Mediterranean, few studies have evaluated soil mdytramics and runoff generation,

including the influence of the trees in both preess in catchments with this land use.

The temporal soil water pattern within this catchineas been discussed in chapter 6,
focusing in the influence of the inter row and undanopy areas. The results showed a
lower soil water content in the latter throughdwe theasurement period and an average
canopy interception of 0.10. Espejo et al (2014ireded the spatial distribution of the
hydraulic conductivity within the catchment and fiduthat the values were one to two
orders of magnitude larger at under canopy aream@pared to inter row, and they

identified the spatial distribution of the soil watlynamics across the catchment.
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The objectives of this work are to evaluate rainafahoff relationships for the
catchment by using a simple model, and to analysenfluence of vegetation and the
antecedent soil water content on runoff generationaddition, simulated long-term

runoff was analysed.

7.3. Material and methods.

7.3.1. Data sources.

Data were collected in the Setenil experimentattoaent, described in section 2.2. Soll
moisture records, collected with the 10HS sensadehyand runoff, correspond to the
period between September 1, 2011 to August 31, .2BdBrainfall 9 years of rainfall

data were used for the period from September 14 200August 31, 2013, in order to

calibrate the model and simulate the runoff disgbar

7.3.2. Runoff modelling.

A lumped version of the Modello Idrologico Semi-Disuito in Continuo, MISDc
model, developed by Brocca et al. (2011) was uséhlis study. The model was already
tested for other applications providing satisfagtagsults in different conditions, sites
and scenarioe(g.Massari et al. 2013; Camici et al. 2011).

The model consists of the coupling of two main cormgnts: a soil water balance model
(SWBM) to simulate the soil water temporal pattemngd a semi-distributed event-based
rainfall runoff model (MISDc) for flood simulatiorzor the SWBM reader is referred to
Brocca et al. (2008).

The MISDc model computes the rainfall excess byngisihe geomorphological
instantaneous unit hydrograph (GIUH), and the somservation service-curve number
method (SCS-CN) for estimation of losses (Kim ame,[2008). By using this method,

the antecedent wetness condition for the rainfathes, §,5 is calculated based on the
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dimensionless CN, as function of soil group, lasd and cumulated rainfall of 5 days
before, representing the latter the wetness sfatieeocatchment. According to Brocca
et al. (2008, 2009) and Melone et al. (2001) in Mgtanean catchments the estimation
of the wetness state of the catchment can be inepdr@and consequently the model uses

an experimentally derived relationships to cal@iRts

W(t
S = @ (1‘W—()) Eq. (7.1)

max

where W(t)/Wax is the normalized soil water content, or degresat@iration, and a is

an empirical coefficient to estimate from field ebgtions.

Finally, the discharge hydrograph is computed leydbnvolution of the rainfall excess
and the GIUH following Gupta et al. (1980), whetee tlag time is given by the
experimental relationship of Melone et al. (2002).

The inputs of the model are rainfall, air tempemtuand catchment discharge for
calibration of the model parameters. The model iptieths are the direct runoff
hydrograph at the lower part of the catchment, tsedmean degree of saturation and

soil water content.

The Nash-Sutcliffe (1970) efficiency index, NS, ahe absolute value of the relative
error on peak discharge, ,Qwere used as objective functions. Additionallye th
determination coefficient, fRthe Root Mean Square Error, RMSE were also used f

comparison purposes.

7.3.3. Application of the model and data analysis.

The MISDc model coupled to the Soil Water Balanaelel, SWBM, of Brocca et al.
(2008) was used for the IR location. According taputer 6, at UC areas a canopy

interception component was included into the SWBMdei, with a canopy

interception threshold, of 1.86 mm.
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For calibration and validation purposes of the MéSmodel, twelve rainfall-runoff

events were manually extracted from the weathex datl soil moisture series (Table
7.1). Only events with a minimum total rainfall depf 5 mm were retained. Inter-
event periods lasted at least 6 hours and prodigssdhan 2 mm rainfall. Seven of the
events were used for calibration and five for \atioh. Once calibrated and validated

the models, a dataset was simulated for the 2003-g6riod.

Although the model was calibrated with discreten ravents from 2011 to 2013, for
comparison of spatial mean soil water modelled abserved, the soil water content
was simulated continuously for this period. Perfance scores were calculated using
data of soil water obtained by models and the nspatial observations for 0-0.10 m,
and from 0-0.20 to 0-0.50 m, calculated as thegnatigons of the corresponding soil

depth measurements.

7.4. Results and discussion.

7.4.1. MISDc model performance for runoff generatia.

The annual rainfall for 2011-2012 and for 2012-2@3@rological years was 331 and
1089 mm yt', respectively, and the average event rainfall [lepas 23 mm. The
average observed runoff coefficient, RC, was 01 the average time lag between
the onset of the rain and the observed peak rumadf9.4 h. Four events accounted for
31% of the total rainfall and produced 59% of thialt runoff.
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Table 7.1. Characteristics of the 12 selected adinfinoff events.

Date Rainfall Runoff <AWC>F

R lso Durationt Q Lag Tt Q RC Durationt IR UC

mm mmHA hh:min L s hh.min  mm [] hh.min [1 1
24 Oct 2011 1 12.6 6.61 7.30 12.09 6.50 .400 .03 3.30 10 .01
27 Oct 2011 2 19.7 12.18 17.20 26.12 16.20 1.4D7 15.10 49 .44
2-3 Nov 2011 3 29.3 18.56 8.50 217.15 8.00 .006 .20 1.50 58 .49
3-4 Nov 2011 4 28.1 8.46 9.00 115.11 740 686 .24 16.10 78 .79
19 Nov 2011 5 16.9 8.09 10.50 82.12 240 .343 .20 9.10 .62 .57
20 Nov 2011 6 28.8 5.51 19.40 58.29 17.10 739. .34 9.30 .83 .80
56 May 2012 7 27.8 9.21 17.10 70.78 6.10 3.49 .13 13.00 69 .60
24 Jan 2013 8 20.1 4.40 15.20 49.40 9.40 405 .27 14.00 74 73
19-20 Mar 2013 9 36.2 122 22.20 242.4 21.50 14.1(39 19.40 .78 .69
24 Mar 2013 10 16.7 9.20 11.30 78.42 9.50 3.70 .22 10.30 81 .74
29-30 Mar 2013 11 259 8.50 8.50 140.8 6.20 7.10 .27 7.20 g7 .70
1 Apr 2013 12 143 7.40 5.00 62.03 200 2.30 .19 1.40 g4 71

mean 23.0 9.19 12.60 96.22 9.36 532 .21 99 9. .66 .61

st.dev. 7.3 3.75 5.44 71.54 5.96 3.83 .10 .835 20 .22

t: duration of rainfall and runoff event, respeetix

T1: lag time between onset of rainfall event anakpfow.

1: observed mean spatial antecedent soil wateenbaveraging at topsoil, 0-0.20 m depth, for imtev, IR, and under canopy, UC, of trees, expressaelative soil water.
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The histograms and hydrographs of observed and lleddenoff, at IR and UC areas
are shown in Fig. 7.1. Both, observations and egtons showed similar trends in the
catchment response. Generally the model underdstimanoff generation, with small
differences between UC and IR areas. The runofigdor IC and UC were similar in
nine cases, and lower for UC than for IR in 3 cakkdess we know, no studies have

investigated the effect of olive trees on runoffigeation.

rainfall  --- Qobs QsmIR — QsimUC
0.06 R ——

- 0 0 0

24.10.11 " Py 27.10.11

r, mm 10min-1

0.08 0.08 - -1 008~ -2
o111 - 20.11.11

24.01.13

r, mm 10min-1

0 250 500 0

N | o0s- 1
2

2 29.03.13
24.03.13 - 008~ 29.04.13 2

r, mm 10min-1

t, min t, min t, min

Fig. 7.1. Rainfall and observed (dashed black lare) modelled hydrographs at 10 min
interval for the 12 selected flood events. Contisigrey line for inter row, IR, and in
black under canopy, UC, areas.

The Nash-Sutcliffe efficiencies for reproducing offrgeneration after calibration were
0.73 at IR and 0.64 at UC. Validation efficiencvesre 0.64 at IR and 0.62 at UC. The
model error, RMSE, estimating.@as 31 and 37% for IR and UC after calibratiorg an
became 37 and 49%, respectively during validati@nerror ranged between 27% for

calibration and 53% for validation at IR, and fr@nto 61% at UC, respectively.
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7.4.2. Relationship between observed/modelled soiater content and initial
conditions.

Table 7.2 shows the resulting values of parama&tdéor IR and UC, when fitting Eq.
(7.1) to estimated and observed water contentfegreint depths using data for the 12
selected events. Fig. 7.2 shows the correspondimghg for estimated and observed 0O-
0.5-m profile soil water content. Coefficients adtermination were higher at UC and
similar for profile estimations and observationsr Each event g5 was calculated by
using the SCS-CN method with observed rainfall dindct runoff depthd€.g Massari

et al. 2013). It was assumed a value of 0.027*rfon A, derived from an analysis of

the best-fit results on the model calibration peridhea parameter ranged from 150 to
250 mnt', and was higher at IR as compared to UC.

Table 7.2. Slope and coefficient of determinatiébnhe linear relationship between the

wetness of the soil, W(t)\\ and the soil potential maximum retenti@&(Eq. 7.1),
for inter row, IR, and under canopy, UC, areas.

IR uc
W/W pax a R a R
mm’* mm*
model 253.88 0.56 178.26 0.72
observed
0-0.10m T 216.15 0.56 200.26 0.49
0-0.20m £ 224.88 0.54 197.97 0.57
0-0.30m £ 206.79 0.64 182.90 0.60
0-0.40m £ 198.59 0.61 177.25 0.75
0-0.50m £ 185.61 0.67 169.72 0.76

tl

t Integrated measurements
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W(t)Winax
IR,R?>=067 + + UC,R*>0.76 IR 0 0 UC
200 1 11 -
L observed (0-0.50 m) L s
Ve
L 7
160 # + 0.8 .
- + 88 yel
o)
120 3 0.6 — o)
2 3 o /
[ ko) e
o + g p
80 - 0.4 ,
+ Ve
L + _|+ /
++
40 — + 0.2 /d
Ve
. = Ve
s
0 \ \ \ | o2
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
W(t)/Wmax observed, 0-0-50m

Fig. 7.2. Relationship between observed soil pa@kmaximum retention, s and
degree of saturation, estimated for each rainfadhewith Eq. (7.1) using measured soil
water content at inter row, IR, and at under candp§{ areas. Figure in the left
represents the relationship between the degreeatfragion using observed and
simulated values.

7.4.3. MISDc performance for soil water content simlation.

The model performance in reproducing measuredvaigr content at IR and UC after
calibrating with discharge data is shown in Tablg. The model performed slightly
worsed when calibrated with discharge data as coedp@® calibration with soil water
content data (chapter 6), wittf Bbove 0.90 and 0.82 at IR and UC. The best results
were obtained for the 0-0.20-m layer at IR, andtfa 0-0.10-m layer at UC. Overall
model performance with respect to soil moisturanestion was better during wet

periods as compared to dry periods.
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Table 7.3. Comparison of the coefficient of deteration, R, the root mean squared
error, RMSE, and the Nash-Sutcliffe efficiency, N&, simulated relative spatial mean
soil water content at inter row, IR, and at undanapy, UC, areas and integrated at

different soil horizons.

IR ucC
soil depth R RMSE NS R RMSE NS
m % T % T
0-0.10 0.913 17.0 0.553 0.864 105 0.845
0-0.20 0.933 127 0.761 0.852 105  0.839
0-0.30 0.921 144 0.640 0.830 11.2  0.800
0-0.40 0.908  14.9 0.605 0.825 112  0.796
0-0.50 0.902 165 0.476 0.842 108 0.791

T: mean relative square error in estimating redasioil water content.

7.4.4. Influence of the antecedent soil water comte(AWC) on runoff prediction.

An apparent exponential relationship betwegra@ AWC was found, as shown in Fig.
7.3. The model overestimated slightly AWC at IRcasnpared to UC. A minimum
threshold of AWC reaching between 60% and 80% atdit a rapid increase for.QAs

a result of rainfall canopy interception and loweil moisture contents, a lower AWC

threshold was found at UC as compared to IR.

The effect of soil depth on the AWC:Qelationship at UC and for one event is
illustrated in Fig. 7.3. A more gradual incremehiRe with AWC was found than for
Qe. These results indicate that higher topsoil medatents are required, as compared
at deeper solil layers, to produce similarapd RCs, and that the highest Qe and RCs
are found in situations where the entire soll pedfias been uniformly wetted.
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Fig. 7.3. Top: Relationship between relative ardeo¢ soil water content, AWC, and
accumulated runoff at inter row, IR, and at underapy, UC, using observed data (left,
0-0.50 m for AWC) and e data (right), for the 1Bsted events during the calibration-
validation period. Bottom: relationship betweenetved AWC at different soil depths,

observed discharge (left) and observed runoff coefft, RC, (right) at UC location.

7.4.5. Simulation of runoff for a long-term period(2004-2013).

Since the MISDc model was found adequate for sitmgaboth runoff and soil water

content, the model was used to assess the thensddmhaviour of the catchment by
simulating a 9 year period with a total of 268 falhevents. No significant differences

in annual runoff ratios between IR and UC were tbuluring the simulated period

(Table 7.4). The average runoff coefficient wa)aBd the cumulative runoff for the

101



Chapter 7. Rainfall-runoff relationships

Table 7.4. Observed annual rainfall, and runoftiiésge and relative antecedent soil water con#®wW() simulated at inter row, IR, and at
under canopy, UC, areas for the 2004-2013 simurgieriod.

year site R nt It DOR Q. %’128? ?(91-70%” RCys RGs AWC,s AWC
mm y* mm h* d mm ms’ m st % % % %
04.05 IR 279 15 3.97 7 57 3.3 24.1 5.8 255 561 .181
uc 59 4.2 23.5 5.9 299 376 62.0
05.06 IR 435 24 4.40 8 61 6.6 21.9 10.8 185 56.7 058
uc 64 6.5 25.5 11.8 211 416 65.1
06.07 IR 459 25 4.94 10 73 5.4 23.5 8.1 269 589 887
uc 81 6.6 30.2 10.1 27.0 45.0 65.4
07.08 IR 300 20 5.32 7 47 2.5 14.6 4.5 214 471 480
uc 52 3.7 16.1 5.8 21.0 329 65.4
08.09 IR 624 30 4.40 13 163 6.8 32.7 11.4 32.8 67.2 81.3
uc 167 5.8 34.0 10.4 30.5 457 66.1
09.10 IR 986 52 5.24 25 337 7.2 25.5 12.4 33.7 74.7 85.0
uc 323 7.1 35.2 12.5 31.8 583 70.8
10.11 IR 662 38 5.06 16 139 10.4 27.1 11.6 29.3 565. 83.3
uc 148 9.2 34.1 13.8 28.0 446 68.1
11.12 IR 333 18 5.49 7 104 4.5 21.3 9.0 23.3 548 527
uc 101 5.4 26.1 7.5 249 375 55.7
1213 IR 1089 46 4.87 45 405 7.7 47.0 13.6 444 769. 83.8
uc 420 7.1 51.9 12.3 437 533 69.5

t: annual number of events; f: annual mean intensing the }a during 1 hr; 11: 28 and 7% percentile respectively; DOR: accumulated anrinag of rain expressed in

days.
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wettest year was 405 mmyat IR and 420 at UC, respectively. This runoff veas
times higher than for the driest year, with rurdificharges of 57 and 59 mmi'yat IR
and at UC.

The relative accumulated monthly rainfall and rdradfIR for the 9 years is plotted in
Fig. 7.4. A similar pattern was found at UC. Yeaf94-2005, 2007-2008 and 2011-
2012 were moderately dry, with an annual rainfallolv 400 mm yt. Nevertheless

year 2007-2008 was unusually dry during the autwimter period.

dry: 04.05, 07.08, 11.12 - - - - - normal: 05.06, 06.07, 08.09 wet: 09.10, 10.11, 12.13
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Fig. 7.4. Accumulated temporal pattern of annuaifail and water loss, Q for the
long-term simulation, differencing years with lowmraal rainfall (continuous line in
black colour), average (dashed black line) and syeaith high annual rainfall

(continuous grey line), for inter row, IR.

The rain period was usually from October to Apahd the runoff was concentrated
only in a few of these events. December and Fepr@mcumulated the major
percentage of rainfall and runoff, with values 6838 and 35% respectively during the
two months. This pattern was influenced by the atiaristics and the temporal
distribution of the rainfall during the year. Whidgril 2008 (year 07.08) accumulated
44% of annual rainfall, the relative contributiom annual runoff was 70%. Similar
trends were observed for December 2009, year (Q@airfall, 36% and runoff, 56) and
November 2011, year 11.12 (41 and 63%). This resditates the higher erosion risk
of these months.
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The 268 rainfall events were decreasingly ordemmming to the runoff coefficient.
Fig. 7.5 compares the cumulative runoff and rainfBhe results showed that 30% of
the events generated 54% of the total rainfall 8% of runoff. Fifty percent of the

events concentrated 28% of the rainfall and produ@®s of the total runoff.

— — rainfall, R
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Fig. 7.5. Rank accumulated events decreasinglyreddaccording to their contribution
to simulate runoff (black lines) and rainfall depttprey lines) versus accumulated
rainfall per event (dashed lines) and runoff (counbius lines) obtained for each event
criteria ordering. Data used correspond to the 288nts simulated for 2004-2013

period, at inter row, IR, simulation.

The relationship between observed rainfall and ffuroexplored in Fig. 7.6 using
simulated data for the 2004-2013 period and obsens for selected events of the
2011-2013 period. As we expected due to the matised, runoff curve number, a clear
linear relationship was observed between obseraiedatl and accumulated runoff for
the 268 events simulated and for the observaticesl in the model calibration. The
dependence was less precise in the case of rgopdal flow relationship. Both
observed and estimated Qe and Qp showed that ihfllrahreshold for producing
surface runoff at the end of catchment was 10 nmd,ewvents upper than 40 mm were

unusual.
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Fig. 7.6. Observed rainfall event versus estimateff discharge (left, accumulated,
and right, peak flow) of 268 events modelled fo022013 period (large figures), and
12 events observed during 2011-2013 (small figuresrted inside), differencing two
levels of relative antecedent soil water conte/@ Data correspond at inter row, IR,

simulation.

Although the minimum threshold for producing runditcharge depend of soil type,
the value estimated was well below to others founigerature €.9.54 mm was found

at Panola catchment, Tromp-van Meerveld and MCDibiip@06); and between 16 to
27 mm at Maimai, Graham et al. (2010)), and sintdaobtained by Detty and McGuire
(2010). The slope of the relationship was influehd® the antecedent soil water
content, reinforcing its role in RR relations, aghtighted Graham and MCDonnnell
(2010) using synthetic data series with the modeletbped and calibrated at Maimai

catchment (maimodel).

7.5. Conclusions.

The MISDc model was used to analyze the influeridee@ canopies on the catchment
rainfall-runoff relationship, and this reproducesh tminute catchment runoff response
to rainfall events with a Nash and Sutcliffe e#iccy near 0.70. The model performed
generally better in reproducing accumulated rueonts, Q than peak flow, @ The

model was successful in reproducing spatial mednaster content with coefficients
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of determination, B ranging from 0.90 at IR to 0.85 at UC. No sigrafit differences
between IR and UC were found for runoff estimation.

The simulation and analysis of long-term rainfalhoff data provided information on
the inter-annual rainfall-runoff pattern and on tietative contribution of individual
events, and a mean runoff ratio of 20% was obserwedagreement with the
observations used for model calibration. Fifty eettoof the events accumulated 28% of

rainfall, of which only 10% caused runoff.

This work highlights the important control of saiater on rainfall runoff relations, and
the influence of vegetation, which must be furthddressed in future work. Overall the
use of a simple model and data from instrumentedhozents are useful tools to

improve our knowledge about important hydrologaicesses at the catchment scale.
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Chapter 8

Detection of runoff flow patterns within an
experimental catchment by using information of

a soil water sensor network

8.1. Abstract.

Soil water movement across catchments plays an riantorole in agriculture and
environmental systems. Therefore, runoff data nrealsat the outlet of instrumented
agricultural catchments are becoming increasinghilable. Nevertheless the surface
flow within of them can often neither be measureat, the influence of vegetation on it
be detected. We might overcome this limitation byng high frequency measurementss
from a soil water sensor network to estimate ird#ilon, and from it runoff through a
water balance considering rainfall and evaporatibhe aim of this work is to

characterize the infiltration and runoff within mall catchment of olives.

Measurements were made in a 6.7-ha experimentahroant in SW Spain cropped
with olives. Rainfall was recorded in an automateather station nearby while runoff
was measured at the outlet. The water conteneaddh profile was evaluated at eleven
locations, with two sites each, one under the cgnOE, an other in the alley between
tree lines, IR, distributed in the catchment byngscapacitance techniques at 10

minutes temporal resolution.

Soil water content during the year was greatemtdrirow areas than under the tree
canopy. However the estimated event water stonagement was lower at inter-row
than under canopy. The spatial pattern of soil asgd during rain pulses at the two

locations, inter row and under canopy, was simvath) an increasing event water
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storage increment trend at downslope areas, aboeetgully channel. Estimated runoff
was greater at inter-row sites than under canolllgpugh the differences were not
statistically significant at all locations. No castent pattern was found for runoff at
UC, and was observed a negative correlation widly clontent and maximum water
storage capacity. At IR a clearer pattern for estad runoff was found and was
negatively correlated with the wetness topograptdex, indicating that upper areas of
catchment produced higher runoff volumes. Thesatioes were place at the south-
easthern part of catchment, where the slope wagetorAlthough the method has

limitations in space, it can be used to understhactatchment hydrology.

8.2. Introduction.

The frequent dry periods in semiarid areas, intnsgu with irregular rain bursts, make
effective water control difficult in Agricultural rel urban settings, and complicate
landscape planning. The rainfall-runoff responseaafatchment depends on the soil
water dynamics (Hrachowitz et al. 2013). In somsesa(Camici et al. 2011) a simple
probabilistic model can be adopted to generatevgaier content data. In other cases
soil water can be estimated through remote ser(8fiagsari et al. 2013). Abrahams et
al. (2003), Bhark and Small (2003), and Ludwig le{2005), among others, described
the interaction of vegetation with runoff and eawsioriginating oases of soil water
content under the canopy as a consequence of arhightration rate. The influence of

the antecedent soil water content on runoff gemerain this catchment has been

discussed in Chapter 6.

The objective of this chapter is to compare watditiation under the canopy and at
inter row areas, to detect spatial runoff pattevitkin the catchment.

8.3. Materials and methods.

8.3.1. Study site and data acquisition.

110



Chapter 8. Detection of runoff flow patterns

Data were collected in the Setenil experimentattoaent, described in section 2.2. In
addition to this information, relevant topograpkmdices like the Topographic Wetness
Index, TWI, of Beven and Kirkby (1979) were caldeldh (Table 8.1). Locations 6 and 7
show the highest TWI values of the catchment. Toghern part of the catchment
showed steeper slopes, although with a shorteedipgth than in the southern part.
Differences in relative elevation between adjadétand UC locations were due to
small mounds surrounding the olive trees (Fig.,21)stly notable at locations 1, 5, 6
and 7, in the vicinity of the outlet of the gullyhe average maximum estimated soill
water storage was similar at IR and UC, with a mesdne of 117 mm (see section 3.2).
Despite apparently similar soil depths (Table 2d8ferences between maximum water
storage at IR and UR were prominent, 72 at locafioand 47 mm at location 7,

respectively.

Table 8.1. Summary of the topographic indices amagtimum water storage,ng. for
inter row, IR, and under canopy, UC, of olive treBkpe, average slope of grid cells
around the measurement location; TWI, topograplatmess index; h, relative elevation

with respect to the catchment outlet.

IR ucC IR ucC

slope TWI h Sax

location [% ] [] m mm
1 8.3 55 4.7 5.4 182 110
2 7.3 54 155 15.2 70 76
3 7.0 4.3 22.3 21.9 132 106
4 5.7 4.9 13.7 14.2 78 97
5 7.7 6.4 19.1 19.9 163 129
6 6.5 7.5 25.8 26.5 145 167
7 6.0 7.1 29.3 30.2 185 138
8 6.7 3.7 354 35.6 51 90
9 3.7 6.4 36.4 36.6 96 126
10 2.4 3.2 39.0 38.8 88 121
11 1.8 3.0 41.2 41.1 88 131
average 5.7 5.2 25.7 26.0 116 117

8.3.2. Selection of rainfall event.

Only events with a minimum total rainfall depth ®fmm were retained. Inter-event
periods lasted at least 6 hours (Hershfield, 1868 produced less than 2 mm rainfall.
The used data corresponds to the period from Sdéyetedn 2011 to May 31, 2013. A

wet period from December 2010 to January 2013 wiasen for a detailed analysis of
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the runoff process. During the selected periodfaflimepth ranged from 5.0 to 56.4
mm, with an average of 17.4 mm. Event rainfall msi&y ranged from 1.3 to 4.5 mm h
! with an average of 1.5 mnih

8.3.3. Soil water budget.

A simple soil water balance was adopted,

Q: R-AS- ET Eq (81)

where Q represents runoff, R rainfalls event soil water storage increment (estimated
infiltration), and ET evapotranspiration per evédeference ET was computed by using
the Penman-Monteith method, and actual evapotraaigm was estimated introducing
a crop coefficient of 0.45 and 0.70 at IR and U&pectively, according to chapter 6.
Event soil water storage increment was estimatethedifference between the soll

water storage after and before of the event.

To estimate the soil water storage$, at each sample point, measured soil water
profiles were interpolated using natural cubicrsgdi €.g.Press et al. 2007, section 3.3).
At locations where the soil profile was deeper tB&0 m, the soil water content below
0.50 m was assumed equal to the value measured0®0 m. Hence the soil water
storage was estimated for complete horizons atdiitberent soil depths intervals to
avoid the effect of differences in maximum soil thepetween IR and UC in the same
measurement locationd. 0-0.20, 0-0.30 and 0-0.30 m).

8.3.4. Statistical analysis.
A one-way ANOVA was used to evaluate the influentéocation (IR and UC) on the
event water storage increment process. Means fiareit soil horizons and complete

profile at IR and at UC for each measurement locatvere compared using the least

significant difference.

112



Chapter 8. Detection of runoff flow patterns

Principal components, PCs, were calculated fromestanated runoff at each location
across the collected rainfall events determining tommon spatial pattern (Davis,
2002). The Pearson product-moment correlation mefit was used to evaluate the

influence of soil properties on runoff generati@ncss the calculated RC

8.4. Results and discussion.
8.4.1. Temporal evolution of soil water content dung the year.

Measured soil water content was higher at IR that@ for most of the two-year
monitoring period. The soil remains generally dhyoughout the year due to a
pronounced drought period from June to Septembéending to December during
some years. A typical temporal soil water conterdl@ion at IR and UC during a
rainfall event is shown in Fig. 8.1. Similar trendere observed at all locations. In

general, differences in soil water content betwdénand IR are most significant after
the rainfall event, during the drying period.

location 2 rainfall = — — UC R

03 0-0.1m

03 02-03m |

w N = O

. . w N o
rain, mm 10min-! -

260 270 280 290 298
Day of year 2012 Day of year 2012

Fig. 8.1. Temporal evolution of measured soil watartent at depths of 0-0.1 and 0.20-
0.30 m in the inter-row area, IR, and under theeotree canopy, UC, at location 2.

According to Espejo et al. (2014) the faster dryafighe soil at UC as compared to IR

can be explain by the lower soil water retentiotJ@t Similar results were found by

Joffre and Rambal (1993) under Mediterranean eeergoak trees located not far from
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this catchment. They attributed these differencethé higher suction and evaporative
losses beneath canopies. Also Moran et al. (20&6¢roed that soil water content was
lower at UC as compared to IR in scrubland. Howewneder similar conditions for the
same plant species Bhark and Small (2003) repdh@idunder canopies of grassland
and shrubs frequently a higher soil water conteas viound as result of higher
infiltration. Potts et al. (2010) found greaterls@ater beneath canopies of a mesquite
canopy than at adjacent areas, and the differeancesased with soil depth.

8.4.2. Event water storage increment at IR and at O.

The results of the ANOVA to detect differences wemt water storage increment
between IR and UC at the eleven locations and ifterdnt soil horizons are displayed
in Table 8.2. In 31 out of 66 occasions event waterage increment was higher at IR
as compared to UC. Only for 4 cases was the evam¢rwstorage increment at IR
significantly larger (p=0.05). The event water agge increment at IR was lower than at
UC in 28 cases, of which 22 were significant (p8).0rhe analysis for all locations
indicated a greater event water storage incremektCacompared to IR for all soil
depths. The most notable differences between avatdr storage increment at IR and
UC areas were observed at 0.10-0.20 m interval. Stilebulk density was generally
higher at IR at this depth as a result of soil caatipn due to intensive tillage.¢

Ordofiez-Fernandez et al. 2007).

Locations 1, 2, 3, 6 and 7, near the gully chanpetsented a greater event water
storage increment at IR as compared to UC. The iréngalocations showed the
opposite. At location 9 differences between interwaas found in the comparisons.
This locations was near a path to access the &i@ with compacted soil surface
layers. Locations 10 and 11 within the frequenilied are with young trees in the

southeastern part of the catchment (Fig. 2.3).
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Table 8.2. ANOVA o-values for the comparison of estimated event waterage

increment at inter row, IR, and at under canopy, OGColive trees, for the eleven
locations, using different representative deptlervdls for 33 selected rainfall events.
Bold faces remark the statically significant (p<®).0differences. Positive values
between parentheses indicate greater event waiggst increment at IR compared to

UC site, while negative values stand for the optposi

entire soil

location profile 0-0.10m  0.10-0.20m  0.20-0.30m  0-0.20m 0-0.30 m

1 - 858 (+)  .162 (+) 332 (+) 646 (+)  663)

2 119 (+)  .012(+) 526 (+) 584 (+) 064 (+)  .119(+)

3 097 (+)  .073(+)  .050 (+) 655 (+) 064 (+) .151 (+)

4 526() .000()  .544() .000 (+) 005 ()  .527 (+)

5 .036 () .000 (-) .034 (-) .000 (-) .000 (-) .000 (-)

6 - 524 (+) .938 (+)

7 069 (+) .014(+)  .516(+) 637 (+) .065 (+) 134 (+)

8 .004 (-) .803 () .000 (-) .087 (-) -

9 261(+) .005(+)  .015(-) .095 (+) 946 (-) 527 (+)
10 .000 (-) .000 (-) .001 (-) .364 (-) .000 (-) .002 (-)
11 .000(-)  .000 () .000 (-) .000 (-) .000 () .000 (-)

all locations .053 (-) 303 (-) .000 (-) .538 (-) .004 (-) .092 (-)

The relationship between event water storage inen¢rm the 0-0.20 m interval and
rainfall depth at IR and UC is presented in Fig.&xcept for the largest rainfall
depths, event water storage increment appearedatthra maximum near 16 mm at
both IR and UC, corresponding to a threshold rdlidigpth near 17 mm, beyond which
event water storage increment does not furthereas® with increasing rainfall.
Locations farther away from the gully, showed diedrigher event water storage
increment at UC as compared to IR, especiallydofall depth larger than 17 mm.
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locations near the channel: 1, 2, 3, 6, 7 locations distant of channel: 4, 5, 8, 9, 10, 11
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Fig. 8.2. Relationship between event water storagement and rainfall depth at inter
row areas, IR, and under the tree canopies, UCptations nearby and further away

from the central gully.

These results agree with findings of Gomez et ¥#399) for an olive orchard under
different soil managements, with greater infiltoatbeneath the canopy than at IR areas.
They also found that infiltration at UC was not @jex than at IR when rainfall was
limited. Moran et al. (2010) also compared infiitpa at IR and UC in shrub and found
that root zone (0-0.30 m) infiltration was not sfgrantly different. In addition, they
found that the ratio of infiltration UC:IR was n@lated with rainfall depth or intensity,
as also was observed by Bhark and Small (2003). stbms of grasses and shrubs
channel part of the intercepted water towards #@ral roots. This pattern is not as

evident in olive trees with different vertices pimg downwards within their canopies.

The rainfall event collected on March 19, 2013shewn in Fig. 8.3. The total rainfall
depth was 36.2 mm, and the runoff depth was 19.2 frtme runoff ratio was 0.53,
which was more elevated than annual average @20, The peak flow corresponded
in time with the maximum rainfall pulse, and ocedrat about 500 minutes after the
rain began

A detailed analysis of the water storage incremduting a short time during a
characteristic event is represented in Fig. 8.4dcations 2 and 4, which are nearby and

further away from the gully, respectively. In a ghtame the rainfall depth increased by
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1.5 mm, and the increment of soil water in thetf*®0 m was higher than rainfall at

location 2, near at the channel, with values of & at IR and 4.6 mm at UC.

However, the values of event water storage incrémestimated at location 4 were

lower than rain, with values of 0.6 and 0.0 mmRaehd at UC, respectively.

I rainfall - - - observed runoff

<ol R=36.2 mm -3
E : total runoff= 19.2 mm
o []
- []
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5] ! "
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Fig. 8.3. Hyetograph and hydrograph for the floedrg of March 19, 2013.
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560
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Fig. 8.4. Cumulative rainfall, R, and water st@agcrementAS, in the 0-0.20 m

horizon at locations 2 and 4 during the rainfakvshown in Fig. 8.3, at inter row, IR,

areas and under the canopy, UC.
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8.4.3. Spatial patterns of water storage incremerand runoff.

A similar spatial water storage increment patteas wbserved within the catchment at
IR and at UC, during the different rain events Témporal evolution of water storage
at the 11 locations for the event described in ipress section is shown in Fig. 8.5,
separately for IR and UC. Locations 1, 5, 6 andhd the maximum water storage rate
with values ranging from 100 to 160 mm at both tmoes. The ratio between the water
storage and the maximum water storagen,&/$dicates that soil was near saturation,
with an average value of 0.84 at IR and 0.68 at té€pectively. Location 2, 4 and 9,
with low values of §ax showed the lowest antecedent soil water contdmth, IR and
UC. In general the antecedent soil water conterst lmaer at UC in comparison to IR,
and can be explained by the higher capacity ofvgaier transmissibility and by the tree
transpiration at UC area (Espejo et al. 2014).

time from onset of rain, minutes: ] 10 [l 500 1500

IR s IR
160 -

0.8 H
120 H

mm
S/Smax

0.6 H
80

40

160 [—

0.8
120 |-
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0.6 H
80

0.4 H
40

1 2 3 4 5 6 7 8 9 10 M 1 2 3 4 5 6 7 8 9 10 1
location

Fig. 8.5. Temporal evolution of profile water stgpea S, (left) and the S/ ratio
(right) for the rainfall event shown in Fig. 8.3,the 11 measurement locations, for both

inter row, IR, and under canopy, UC, areas.
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The water storage increment with time is shownim B.6 (left) for IR and UC. Both
figures indicate that soil response to intense pailses is fast, as seen for the 500-750
min interval. Cumulative rainfall of event was 23nm after 500 min, and only 3.7 mm

between 500 and 750 minutes.
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Fig. 8.6. Temporal evolution of profile water stgeaincrements (left)AS, and ratio
betweenAS and the rainfall incremenayr (right) for the 11 locations at inter row, IR,

areas and under the canopy, UC, for the event sioWwig. 8.3.

In general the increments were greater at UC inpaoison with IR. The increment was

more pronounced for IR at locations 2, 7, 9 anddse to the gully channel. Increments
at UC were higher than at IR at locations 10, @n@ 11. Figures on the right show the
ratio between the soil water and rain incrementgations 2 and 7 at IR, and locations
9, 2 and 10, at UC, had a ratio greater than ongeheral these locations were located
in lower areas, indicating that they received wdtem upslope areas. Dunne et al.
(1991) suggested that on longer hillslopes, in dbsence of spatial trends affecting
infiltration, AS/Ar increases downslope due to the presence of romogtaphic

depressions that induce hydraulic conductivity éases €.g. Aryal et al. 2002). Also
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the hydrologic active bedrock hypothesis reportgdShyama et al. (2011) indicated a
saturated area near the drainage channel aftdaliaans a result of run-on from upslope

areas when the catchment soil was near saturation.

The common spatial pattern of runoff within the ctabent was determined by
calculating the PCs from the estimated runoff aheavent at the eleven locations. The
analysis was performed separately at IR and atTh€.variance of the first two PCA
axes accounted for 85 and 7% for the first andrs®&LC respectively at IR (Table 8.3).
At UC the PC1 and PC2 explained 82 and 14% resdgtiThe contribution of the
soil variables to each component extracted is suisadhin Table 8.3. At IR the most
consistent relationship was found with the topograpvetness index, TWI, showing a
negative dependence with a value of 0.59 (p<0.t)tHe correlation coefficient. A
positive correlation was observed with the bulksiign(0.59, p<0.1). In case of UC the
analysis showed that PC1 had a negative correlatith the clay content, 0.90
(p<0.05), and with the maximum water storage, @Bd.1); and a positive relationship
was found (p<0.1) with slope gradient and relagl@vation, with a value of 0.82 for
both.

Table 8.3. Correlation coefficients between thengpal component, PC, 1 and 2,
calculated for the estimated runoff at each sarlgaation, and average solil properties
of the profile (see table 2.3), for inter rows, IB)d under canopy, UC, areas. In
parenthesis is the total variance explairtedelative elevation respect the lower sample
point; TWI, topographic wetness index; Slope, ageralope value for a grid cells
around the sample point;,§, maximum water storage; stone, percentage of stone

h TWI slope S 0Osat  Clay sand pp stone k
IR PC1(.85) .18 -.59* -11 -34 -26 -25 .33 59*11 A7
PC2 (.07) -.04 .34 -.04 .10 .15 .29 46 .16.13 -.65*
uc PC1(.82) .82* .37 .82*  -82* .09 -90* .85* 29  -.60 .04
PC2 (.14) .24 -.38 .24 -.38 .70 .04 -.23 -30.29- -41

* Significant at the 0.1 probability level.
** Significant at the 0.05 probability level.

The spatial distribution of PC1 values for the nueasient locations is represented in
Fig. 8.7. At IR, higher values of PC1 were obsemvethe south and south-eastern areas

of the catchment. No consistent spatial pattern fwaad at UC for estimated runoff
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because of the asymmetry between trees. The laweffryield at location 11 can be
explained because there was a small depressiontheatree stem. Moreover UC
locations were downslope from the trunk northerrtha gully channel, and upslope
southern in the southern part. This asymmetry i@atahe results because the relative
position can increase the runoff flow at downslapeas and reduce it in upslope areas
(Liang et al. 2011). However IR relative positiaorh the trunk is always at upslope

direction from the trunk, especifically in centpart of preferential direction of runoff.

—— catchment limit - - - drainage channel O PC1 for estimated runoff

Fig. 8.7. Map of principal component 1 (PC1) akintow, IR, and at under canopy,
UC, locations, calculated from estimated runoffdoents. The diameter of the circles is

proportional to PC1 value and arrows indicate tiveff direction.

In general the total estimated runoff was lowelU& as compared to IR, Fig. 8.8,
although the differences were not statisticallyngigant at the 0.05 level. These results
agree with the obtained by Castro et al. (2006)manmg the ratios between infiltration
under olive canopies and at inter-row areas. Feretfent represented in Fig. 8.3, the
estimated value was 17.4 + 6.8 mm at UC and 2716.2 mm at IR, comparable with

the runoff of 19.2 mm measured at the catchmenléibut
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Fig. 8.8. Relationship between estimated runofinggr row, IR, areas and under the
canopy, UC.

8.5. Conclusions.

Intensive soil water observations allowed an edionaof the event water storage

increment and runoff generation of several parts chtchment planted with olives, and
so investigate the runoff patterns within the cateht and the influence of trees. Soil
water observations showed greater contents atnoterareas compared than under the
tree canopies. However the event water storagatat-iow was lower, although the

differences were not significant in all sample kimas. Hence, the estimated runoff was
greater at inter row as compared to under canopg. Spatial pattern of event water
storage increment during rain events at inter rod at under canopy of trees was
similar, showing greater event water storage inemr@siin areas close the gully channel.
No consistent spatial pattern was found at undeog for estimated runoff because of
the asymmetry between trees. In general the ryroffuction was greater at the south-
easthern part of catchment, where the slope wagtoithese results illustrate that data
provided by a soil water sensor network can be usealssess water flow at smaller

scale than catchment.
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Chapter 9

General conclusions and future research

9.1. General conclusions.

The general conclusions are outlined as answedtgetoesearch questions formulated in
Chapter 1:

1) Is it possible to reduce soil and water loss teetable levels with a better soil
management?

Yes.

Cover crops diminished soil losses on average ¥ W6th respect to conventional
tilage in all the experimental plots. Water losaswalso reduced on average by 22%
with respect to conventional tillage in 6 out ofi@lds. The results showed also the
large impact of the fraction of the soil surface@®d on the observed reductions in soil
loss and sediment yield. The positive effects @f thnoff reduction on water storage
can however be counteracted by the water consumpfidghe cover vegetation if not

managed properly.

2) Can the erosive processes be expressed in a sprgiabilistic form?

Yes.

A simple probabilistic framework is proposed to a@édse runoff and sediment yield in
olive orchards in Mediterranean environments umgeer crop and conventional tillage
management systems. Using specific probability ilefisnctions for rain depth, slope,
and fraction of the soil surface covered by vegatatrunoff and sediment yield can be

simulated to extend the experimental results obthwith the microplots
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3) Is it possible to make field estimations of soitifaylic properties using high
frequencydata series of soil water content?

Yes, for a soil drying period.

A simple exponential relationship between the Bolmn coordinate and the soil water
content fitted the measured soil water profile da&dl, with the parameters reflecting
the main characteristics of the soils across thehoaent. Using a continuous function
for the water retention characteristic, the metbad be further extended to provide the
hydraulic conductivity function. The method hastegaluated using soil water profile
data observed at inter-row and under canopy lagsiamross a rainfed olive orchard. A
significantly different effective diffusivity relainship was found across the catchment
between areas under the tree canopies and inteat®@as, reflecting the effect of trees

on soil physical properties and water dynamics scadive orchards.

4) Can intensive soil water monitoring in combinatiwith modelling be successfully
used to characterize soil water dynamics in agtio@l catchments?

Yes, the model performance depends on the field aaturacy.

Soil water modelling in combination with intensiyemonitored soil water content
records allowed successful representation of thlensmisture dynamics at catchment
scale and at specific locations at inter-row aggatsunder the tree canopies, with Nash-
Sutcliffe efficiency indexes above 0.90. A bett&pnesentation of soil moisture
dynamics under the tree canopies was obtained dingd simple expression for
canopy interception to the model. A simple reladitip between canopy interception
and rainfall was found, with an average canopyraggtion ratio near 0.10 for the
olives. Also the spatial distribution of the satethhydraulic conductivity was inferred,

with smaller values at inter-row areas as comptreunteas beneath the canopies.

5) Which factors influence most catchment runoff?

A simple rainfall-runoff model reproduced the temuate runoff hydrograph measured
at the catchment outlet and the spatial soil wdtgramics well. Runoff was similar
under the canopies as compared to the inter-roasamthough differences on soil
water dynamics were detected. A clear influencerdkcedent soil water content on
catchment runoff was found, with a minimum threshiolr soil moisture near 0.60. The
annual average runoff ratio was 0.21, and 50% efahnual runoff was generated

during a few storms, from December to March.
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6) Is it possible to determine runoff flow patternghivi catchments using intensive
soil water observations?

Yes.

The proposed methods allowed evaluating infiltratemd runoff generation below the
olive tree canopies and at inter-row areas. Theiadpaecharge pattern during rain
pulses was similar for both locations, with inciagsevent water storage increment
towards downslope areas, nearby the gully. Evet¢msiorage increment was usually
larger, and estimated runoff smaller, under theopgras compared to inter-row areas,
although soil water content was on average highénelatter. The estimated spatial
runoff pattern was influenced by the position witithe catchment, generally with

larger runoff at upslope locations.

This thesis remarks the usefulness of intensivd figonitoring efforts, complemented
with simple modelling approaches, to improve ourowledge of hydrological
processes, including their main controls, and teess possible soil management
strategies. Chapters 3-4 show how soil protectgingicover crops can help to reduce
the severity of soil erosion in olive orchards, dma the involved processes can be
represented in a simple probabilistic frameworkag@krs 5-8 highlights the influence
of olive trees on soil hydraulic properties contngl the soil water dynamics and how

rainfall is split-up into runoff and infiltration.

9.2. Future research.

Further research should be conducted to integratgahle runoff and sediment yield
information, collected across different scales,ointhe proposed probabilistic
framework, with the aim of reducing the uncertaimtyheir estimations. Extending this
idea the soil moisture probability density functisimould be included, given that it is a

key control for runoff generation and vegetatioavgh.

Currently, the sensor network is still operativel dras been extended to monitor soil
water content in different soil managements. Inndoso, soil moisture records are

becoming available under the tree canopies andtat-iow areas, for bare soil and
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cover crop management. This will allow us to eveduhe influence of cover crops at
both, under canopy and inter-row locations, on w@iter dynamics and compare these
results with those obtained for bare soil managémerorder to adopt adequate crop
cover management decisions.
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