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Water and nitrogen surpluses are major concern for the new intensive olive groves in South of Portugal.
In this study, field measurements were integrated with a system model, Root Zone Water Quality Model
(RZWQM2) to assess the sustainability and environmental impact of fertigation in an intensive olive grove
(Olea europaea L. var. Arbequina). The model provided acceptable predictions of evapotranspiration, soil

Ke;_/wo_rds: moisture and nitrate contents. Based on model simulations, under current fertigation practices, 57% of the
Irrigation irrigation applied was lost via drainage, while 71% and 5% of fertilizer N inputs were lost through leaching
;)31]15\;2 rir:l/: deling and denitrification, respectively. The non-fertilizer N input from soil organic matter (OM) satisfied 64%
RZWQM2 of the crop N needs. The tested model was used to predict the impacts of a full irrigation (FIFC) and two
Water balance regulated deficit irrigation schemes (RDI75, RDI50) on drainage and N leaching. In FIFC the atmospheric
N leaching demand was met while the application frequency maintained the water storage below the soil field

capacity. In RDI75 and RDI50 the irrigation application amount between stone hardening and onset of
ripening was 75 and 50% of FIFC respectively.

Compared with the current practice, the FIFC decreased drainage and N leaching by 47% and 90%
respectively, while maintaining the actual evapotranspiration (ETa). The RDI75 seems to be the most
adequate for the studied agro-system since, in relation to the FIFC, it saved 13% of irrigation water with
only 5% decrease in ETa. Furthermore, the 15% reduction in leaching, together with the 19% increase in soil
OM mineralization optimized the trees N uptake. The study of three different N application rates for each
irrigation scenario indicated that, to minimize residual storage, N should be applied according to plant
needs, by using a real-time indicator based upon foliar analysis or the chlorophyll meter measurements.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction in Europe, with a catchment area of approximately 10 000 km?2 and
irrigating 120 000 ha of land. The Regional Department of Agricul-

Olive orchards are a key component of agricultural systems ture has estimated a total area of 350 thousand hectares of olive

of the Mediterranean basin, occupying around 9.5Mha in 2010,
with more than 5Mha in the European Union (FAOSTAT, 2012).
In southern Portugal olive trees have been cultivated in traditional
non-intensive or low tree-density orchards (around 200 treesha=1)
with no irrigation. Recently, to take advantage of the European
Commission decision 2000/406/CE that expands the Portuguese
planting quota together with the new Alqueva Irrigation Project in
the Alentejo region, drip irrigation has been established to intensive
orchards characterized by a high tree-density (300-400 trees ha—1)
and super intensive orchards characterized by a very high
tree-density (400-1700 trees ha—1). The Alqueva Irrigation Project
is centered on the Alqueva dam, the largest strategic water reserve
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groves for the country, of which close to 160 thousand hectares
are irrigated, including 45 thousand hectares occupied by inten-
sive olive groves (RGA2009, 2011). The super intensive olive groves
occupy an area of 4000 ha. In Alentejo these groves are installed
mainly in Luvisols which are very common soils in Mediterranean
climates, representing 20% of the area (approximately 500 thou-
sand hectares) (Azevedo and Cary, 1989).

The replacement of traditional rain fed orchards by highly pro-
ductive irrigated orchards has resulted in an increase in the use of
water and nitrogen (N) fertilizers, possibly bringing environmen-
tal problems associated with the water bodies and jeopardizing
the sustainability of these new agro ecosystems. This matter has
received increasing attention as part of the policy debate and the
media. Thereby it is necessary to evaluate the overall environmen-
tal impact of these new production systems and if necessary to
define alternatives for their management specific to the semi-arid


dx.doi.org/10.1016/j.agwat.2014.09.007
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2014.09.007&domain=pdf
mailto:roscameira@isa.ulisboa.pt
dx.doi.org/10.1016/j.agwat.2014.09.007

M.R. Cameira et al. / Agricultural Water Management 146 (2014) 346-360 347

Mediterranean region. Alternative management practices for the
sustainable olive groves must be based on the premises that: the
water is scarce in the Mediterranean regions; excessive amounts or
poorly distributed water during the crop cycle results in drainage
losses and N leaching affecting water quality of the underlying
aquifer; and in fertile soils the annual application of N fertilizer has
frequently shown to be unnecessary to maintain high productivity
and oil quality.

The intensive and super intensive orchards are predominantly
irrigated by drip systems which are a key factor in their man-
agement. Drip irrigation reduces excessive water and fertilizer
applications and associated losses. However, its efficiency could
vary with soil types and amounts of water applied while meet-
ing crop water demand or allowing some water stress. In general,
irrigation increases the vegetative growth and production of olives,
and improves the characteristics of the fruit and the oil. However,
no significant differences were found under different irrigation
regimes, if a controlled water stress was applied - called the
regulated deficit irrigation (RDI) (Tovar et al., 2002; Tognetti
et al.,, 2006; Iniesta et al., 2009; Ramos and Santos, 2010; and
Gispert et al., 2013). Water stress early in the season (March
to July) may reduce the yield due to effects on flowering and
fruit set (Orgaz and Fereres, 2004). The last phase of develop-
ment (fruit and oil accumulation) is also very sensitive to water
deficit (Lavee and Wodner, 1991). However, the middle phase
of fruit development, when pit hardening occurs (mid-July to
mid-September), is most resistant to water deficit (Iniesta et al.,
2009) and is when water supplies can either be reduced or halted
(Goldhamer, 1999). Strategies for deficitirrigation in arid/semi-arid
areas for the conservation of water resources are then applica-
ble and recommended (Massoud et al., 2003; Ramos and Santos,
2010).

Fernandez-Escobar et al. (2009) among others report the accu-
mulation of high amounts of N-NOj3 in the soil of fertilized olive
grove plots, representing a high risk of N leaching. As an excess of
N can negatively affect olive oil and fruit quality the authors sug-
gest that in fertile soils, the annual application of N fertilizer may be
unnecessary to maintain high productivity due to N mineralization
from soil organic matter. This will depend upon the soil organic
matter (OM) and state variables as soil temperature, soil moisture
and aeration (Shaffer et al., 2000). Thus, N balance analysis for dif-
ferent fertigation management practices is critical for the reduction
of environmental impacts without significant production losses.
The experimental quantification of the OM mineralization and the
loss terms of volatilization/denitrification and leaching, for various
alternative practices is costly and disruptive of the soil. In this con-
text, mathematical models for the simulation of water and nutrient
budgets in the vadose zone, properly calibrated and validated, are
an indispensable tool (Ma et al., 2007). Several models have been
tested for the prediction of leaching, some of which are used in the
management and decision-making with regard to the evaluation of
the effectiveness of best management practices (BMPs). They can
present one dimensional structure, like DAISY (Hansen et al., 1990),
STICS (Brisson et al., 1998), LEACHN (Hutson and Wagenet, 1995),
COUP (Jansson and Karlberg, 2004) and NLEAP (Follet et al., 1994) or
bi/tridimensional structure like Hydrus (Simtinek et al., 1999) and
FUSSIM2 (Heinen, 2001). Several papers on this subject have been
presented (e.g. Girdends et al., 2005; Hansen et al., 2006), but none
with respect to intensive irrigated olive groves. Several of the mod-
els are specialized in crop development and yield prediction, water
requirements, soil water fluxes or nutrient budget. However, few
embody these aspects holistically producing estimates as a function
of the interaction of various types of soil, climate and agricultural
practices, as does the Root Zone Water Quality Model 2 (RZWQM2,
Ahuja et al., 2000a). RZWQM?2 was developed by the USDA and was
already validated and used in Portugal for the assessment of the

nitrate pollution potential in cereals and vegetables (Cameira et al.,
2005,2007,2014).1tis now applied for the first time to an intensive
irrigated olive grove.

The objective of the present work was to develop a model-
based management tool for the fertigation of intensive olive
orchards in Alentejo region. In particular it was intended to: (1)
adapt RZWQM2 for the representation of the olive groves typi-
cal of the Mediterranean agro-ecosystem; (2) evaluate its ability
to simulate the water and N dynamics in the fertigated olive
orchards; (3) assess the environmental impact of the current
fertigation practices and to propose alternative management prac-
tices.

The applied methodology integrates system modeling and field
experiments regarding water and N dynamics in the plant soil
atmosphere continuum.

2. Materials and methods
2.1. Experimental site

The experiments were carried out in a 10ha plot which is
a part of a 270ha commercial olive orchard (Olea europaea L.
var. Arbequina) belonging to an olive oil production company and
located in Alentejo, south Portugal (38°1.34' N, 8°10.84’ W, ele-
vation 97 m). The climate in the region is Mediterranean with an
average annual rainfall (2001-2011) of 623.4 mm, of which 80%
occurs from October to April (Fig. 1). Daily average air temperature
varies from 6 to 17 °Cin winter and from 12 to 27 °Cduring summer.
Fig. 1 shows precipitation and temperature values measured dur-
ing the experimental years as well as reference evapotranspiration
(ETo) computed with the FAO-PM method (Allen et al., 1998) using
meteorological data collected at a meteorological station near the
experimental site (38°2.7’ N, 8°15.98' W). Annual ETo values for
2010 and 2011 were 1170 and 1148 mm respectively.

The soil is a Luvisol (FAO, 2006), a very common soil in the
Mediterranean regions. The soil profile has an argic horizon start-
ing at the depth of 60cm (Table 1) with a stable structure and a
high capacity for available water storage (240 mmm~"). This hori-
zon is overlaid by coarser material with loamy sand texture and
an average available water storage capacity of 180 mmm~!. The
top 30 cm present a moderate OM content of 15 mgg~!. Measured
saturated hydraulic conductivity (Ksac) shows a moderate to high
value of 5.1 cm h~! for the top soil layer, decreasing to a low value of
0.5cmh~!inthe 60-100 cm layerin association with the increase in
clay content. The soil has moderate/good drainage based on visual
observations.

The olive trees were planted in 2004 with a 7 m x 4.8 m spacing
(~300treesha~1, which is considered as an intensive production
system). The evergreen trees present limited activity during win-
ter (semi-dormancy) and initiate vegetative growth in early spring.
The orchard was irrigated by a drip system using water from the
Alqueva Irrigation Project. The experimental plot, with an area of
10 ha, was served by an independent irrigation sector consisting of
seven drip lines (UniRam™ by Netafim, Fresno, CA) each with a
length of 200 m. A single drip line, was placed on the soil surface in
each tree row. Each tree was serviced by six pressure compensating
emitters, spaced 0.75m, and each discharging 1.6Lh~!. Irrigation
was applied daily from May to October during the period of higher
water demand, according the local practice based upon the farmers’
empirical knowledge. N fertilization was also performed according
to the standard practice followed by local growers, using a N-P-K
fertilizer delivering 8-11% N (50% ammonium and 50% nitrate)
injected into the system and applied with the irrigation water. Total
irrigation and N fertilization amounts and distribution through the
season are presented in Table 2.
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Fig. 1. Monthly precipitation (Prec) and reference evapotranspiration (ET,), daily average maximum (Tmax) and minimum temperatures (Tmin) for the experimental site

during the period of study (01/2010-03/2012).

Table 1
Physical properties measured from soil samples or in situ.

Depth Particle size (%) BD (gcm—3) Oy (cm3 cm=3) Ksar (cmh-1)
(cm) Sand Silt Clay 10kPa 1500 kPa
0-30 84.5 7.9 7.6 1.46 0.24 0.06 5.1
30-60 85.4 6.9 7.7 1.46 0.25 0.06 3.6
60-100 70.3 6.0 23.7 1.42 0.34 0.10 0.5

BD is the bulk density; 6, is the volumetric water content; K, is the saturated hydraulic conductivity; 6, at 10 and 1500 kPa represent field capacity and wilting point

respectively.

2.2. Modeling

2.2.1. Modeling strategies

RZWQM?2 simulates agricultural management effects on crop
production and environmental quality. Although it is a one-
dimensional model, RZWQM2 was chosen to simulate the olive
grove drip fertigated agro system because: (i) RZWQM?2 contains
important process interactions within the agricultural system that
the existing 2D or 3D soil water models do not present; and (ii)
the modeling was not intended to simulate the highly accurate
soil moisture 3D redistribution pattern after irrigation, but rather
an overall soil water and N balance for environmental assess-
ment of the management practices. Due to the 1D characteristic of
RZWQM?2 two independent simulations were performed, one in the
area receiving irrigation water and the other in the non-irrigated
soil, where the water inputs were from precipitation only. This way
it was possible to identify drainage and leaching associated with
the group of emitters serving one tree and to relate these losses
with the management inputs. When a global result was wanted,
the results from both simulations were weighted according to the
relative proportion of each area.

2.2.2. RZWQM?2 overview and general model parameterization

RZWQM2 includes several components or modules (Ahuja et al.,
2000a; Ma et al., 2012) whose processes and parameterization are
briefly described below. The general model inputs associated with
each process and type of data sources used for this study are sum-
marized in Table 3.

The soil water module uses the Green-Ampt (Green and Ampt,
1911) equation for infiltration during irrigation or rainfall events
and the Richards’ equation (Celia et al., 1990) for water redistribu-
tion in the soil between events. Plant water uptake is simulated
with the Nimah-Hanks equation (Nimah and Hanks, 1973) and
coupled to the Richards’ equation as a sink term. The modified
Brooks-Corey equation is used to describe the soil water retention
curve and the hydraulic conductivity curve (Ahuja et al., 2000b).

The potential evapotranspiration (ETp) calculation in RZWQM2
(Farahani and DeCoursey, 2000) is based on the Shuttleworth and
Wallace (S-W) dual surface version of the Penman-Monteith equa-
tion (Shuttleworth and Wallace, 1985). This approach is used only
to compute the ETp rate, while the actual evapotranspiration rate
(ETa) is obtained through the soil water transport model described
above.

Table 2
Irrigation and N fertilization distribution during the fertigation season.
Year May June July August September October Total
Irrigation, % total mm m?3 tree~!
2010 6 14 20 27 26 7 154 5.1
2011 - 19 29 29 21 2 142 4.8
Year May June July August September October Total
N Fertilization, % total kgha! kgtree!
2010 19 39 23 19 - - 65 0.218
2011 18 31 28 23 - - 68 0.228
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Table 3
General model inputs and data source type.

Module Data source
Parameter
Soil water
Soil texture, bulk density, 10 kPa and Measured
1500 kPa suction water content and
saturated hydraulic conductivity
Brooks and Corey soil water Estimated
retention and hydraulic conductivity
parameters
Crop and evapotranspiration
Tree height and maximum rooting Measured
depth
Leaf area index, minimum stomata Literature
resistance, plant canopy albedo
Soil organic matter and N
Potential seasonal N uptake Literature
Soil organic matter Measured
Organic pools partitioning and Estimated
interpool transfer coefficients
Nitrification rate constant Literature
Management practices
Plating density, row spacing, length Measured
of the active and semi-dormant
periods
Irrigation dates and amounts Measured
Fertilization dates and amounts Measured

Estimated means calculated using measured properties and an adequate estimation
methods as explained in the text.

The organic matter and nitrogen (OMNI) module was devel-
oped to simulate soil carbon (C) and nitrogen (N) transformations
(Shaffer et al., 2000). It simulates the major pathways of the soil
C/N dynamics including mineralization-immobilization, ammonia
volatilization and nitrification. Organic matter (OM) is distributed
over five computational pools and decomposed by three microbial
mass populations. The OM pools consist of slow and fast pools for
crop residues and fast, medium and slow pools for soil humus. First-
order decomposition rates for each organic C pool are assumed,
with rate coefficients as functions of soil temperature, soil oxygen
concentration, soil C substrate amount, soil pH, and soil moisture.
Plants take up both ammonium and nitrate in proportion to their
concentrations present in each soil layer.

At present the RZWQM?2 does not include a production model
for shrubs or trees. A simplified empirical model, Quicktree, was
developed by the RZWQM?2 team to uptake water and N from the
soil. Based upon the input data presented in Table 3, the Quicktree
module calculates daily values of N uptake by assuming a linear
increase of N uptake in the first half of the growing season and a
linear decrease in the second half of the growing season. Users can
specify when the maximum daily N uptake is taking place. Maxi-
mum LAl is also assumed to be in coordination with maximum daily
N uptake. The Quicktree module was first used by Nolan et al. (2010)
to study N leaching in an almond orchard in California, USA, but it
has not been applied for olive trees and under the Mediterranean
environment. Changes were made to this module in order to adapt
it to this situation.

2.2.3. RZWQM2 calibration and validation

The model was calibrated by trial-and-error for a period includ-
ing one active and one semi-dormant period of the olive grove,
involving experimental data from March 14th 2010 to March 13th
2011. The methodology to obtain the calibrated hydraulic prop-
erties parameters necessary to characterize the water dynamics
within the vadose zone and to estimate the drainage behavior of
the soil consisted of:

(i) experimental measurement of basic soil physical properties
such as soil texture, bulk density (BD), volumetric moisture
(6y) at 10 kPa and saturated hydraulic conductivity (Ksat);

(ii) estimation of the A(h) and K(h) curves, based upon the above
referred properties. The extended similar media approach was
used to derive the Brooks and Corey parameters for 6(h)
(Warrick et al., 1977; Ahuja et al., 1985). The textural class
mean of parameters (Rawls et al.,, 1982) were used to rep-
resent the reference curve from which the new scaled curve
parameters were obtained. Given the measured Ks;: and the
estimated O(h) functions, the unsaturated conductivity/suction
relationship, K(h), was then estimated by the approximate
capillary-bundle approach of Campbell (1974);

(iii) calibration of the measured/estimated 6(h) and K(h) param-
eters by inverse modeling against data from an infiltration-
redistribution field experiment in bare soil without the
interference of root water uptake. First the observed infiltra-
tion time and soil moisture contents immediately following
water penetration were used to calibrate the driving param-
eters for infiltration (Ksa: and 6s); and then the redistribution
soil moisture profiles observed for 2 weeks were used to cal-
ibrate the parameters describing the hydraulic functions for
non-saturated conditions.

Then the trees were included in the simulated system, and
the water balance components for the olive grove were calibrated
involving some of the parameters that influence potential evapo-
transpiration. The control variables for the calibration of the water
related processes were (i) the temporal series of volumetric soil
moisture (6,) measured at different depths and (ii) actual evapo-
transpiration (ETa) measured during the olive grove active periods.

Finally the calibration of the soil organic matter and N compo-
nent involved:

(i) Organic pools partitioning. The initial soil organic C pools was
set based on measured soil organic matter content at each
soil depth using the wizard provided in RZWQM2 and after
running the model for a period of 10 years under the current
management practices in order to equilibrate the humus and
microorganisms pools (Ma et al., 2011).

(ii) the interpool transfer coefficients, for the accurate simulation
of the mineralization rate;

(iii) the nitrification rate constant, in order to accurately simulate
the transformations of the ammonium present in the fertilizer.

The control variables for (i) and (ii) were the expected annual N
mineralization and N supply to the soil, estimated from Schepers
and Mosier (1991). For (iii) the control variables were the temporal
series of soil nitrate measured at different soil depths.

Model calibration was conducted in the order of soil water
dynamics, evapotranspiration, soil nitrogen, and iterated several
times in the same order to minimize error propagation between
modules. Model validation was performed using independent soil
moisture, soil N and ETc data collected from 14th March 2011 to
13th March 2012 under the current management practices. During
this phase the previously calibrated parameters were not changed.

The goodness of the predictions for the water and N components
was evaluated by the following statistics: root mean squared error
(RMSE) compared with the mean standard deviation of the mea-
surements (MSD), coefficient of determination (%), Nash-Sutcliffe
modeling efficiency (EF) (Nash and Sutcliffe, 1970) and D index
(Willmott, 1981). The r2 value ranges from O to 1, where the value
of 1 indicates a perfect correlation between experimental and sim-
ulation results and the value of 0 means no correlation between
the two results. The use of this approach alone can be misleading,
as it does not account for a systematic bias. Therefore it should
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Fig. 2. Experimental layout, replicated randomly within the studied plot in each sampling day.

be used only for trend analysis. EF is a measure of the deviation
between model predictions and measurements in relationship to
the scattering of the observed data. EF = 1 indicates a perfect match
between simulation and observed results. The D index is similar
to EF but more sensitive to systematic model bias. As their val-
ues move away from 1, model calibration becomes worse. For soil
water and N-related calibrated predictions the expected minimum
values for EF, D and r2 are 0.7, 0.7 and 0.8 respectively (Ma et al.,
2011). Withrespect to validation usually only the RMSE is used and
compared to MSD, although the complete set of statistics is being
presented for both modeling phases.

2.3. Experimental setup and measurements

The experimental set up was design in order to characterize the
system to be modeled and to obtain data to calibrate and validate
the model, as described in the above section. Experiments began in
March 2010 and continued until March 2012, including two fertiga-
tion seasons with the objective of collecting data for the calibration
(2010/2011) and validation (2011/2012) of the RZWQM2. Fig. 2
presents a monitoring area, showing the relative position of the
olive trees, the emitters and the soil sampling locations.

2.3.1. Soil physical properties

Before the start of irrigation season a soil profile was exposed
for soil characterization. Soil samples were collected at the depths
of 0-30, 30-60 and 60-90 cm for analysis of particle size distribu-
tion (soil texture), bulk density (BD), soil moisture at 10 kPa (field
capacity, FC) and 1500 kPa (wilting point, WP). The K3 was mea-
sured in situ, at the same depths, by the double ring infiltrometer
method (Bouwer, 1986) as the profile was being exposed.

The infiltration/redistribution experiment was carried in a 3 m?
area, where an EnviroSCAN probe (Sentek Pty. Ltd, Stepney, South
Australia) was installed and connected to a Sentek Enviroscan RT6

data logger. A volume of 360 L of water was applied uniformly in
order to saturate the soil profile beneath this area. After infiltration
the soil was covered with a plastic film to prevent fluxes through
the soil surface. Data were collected continuously during 2 weeks,
until soil moisture showed no significant variations. Details about
a similar experiment are presented in Cameira et al., (2000).

2.3.2. Irrigation and crop measurements

The exposed soil profile allowed the observation of the root sys-
tem extent both laterally and in depth. Tree height and canopy
diameter were measured at nine randomly selected trees.

Irrigation application amounts were measured with a tipping-
bucket raingaugue (ARG100, Environmental Measurements Ltd,
Sunderland, UK) connected to a data logger (CR1000, Campbell
Scientific, Inc, Logan, UT, USA). Observation of the soil surface
indicated that the wetted areas associated with each emitter inter-
sected, forming a wet band along the tree rows, presenting a width
of approximately 1.0m (Fig. 2). Average depth and width of the
wetted areas were estimated from the soil moisture content mea-
sured using the gravimetric method at three depths (15, 45 and
75 cm) and at three distances (0, 30 and 60 cm) from the emitter
on three dates: before the irrigation season, at the beginning and at
the middle of the irrigation season. The gravimetric method results
were later multiplied by the soil bulk density in order to obtain vol-
umetric water contents. Irrigation water samples were collected at
the source two times during the season for the quantification of the
N supplied by the irrigation water.

2.3.3. Time series of soil moisture, soil nitrate and actual
evapotranspiration

Field measurements of soil moisture, soil N and ETa started in
March 2010, at the beginning of the olive trees active growing
period. During the first year data was collected for model calibra-
tion. The procedures were repeated in the following year, starting
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Fig. 3. Representation 2D of soil moisture, where the origin marks the emitter position, for three dates: (a) before the irrigation season, (b) in the beginning and (c) in the

middle of the irrigation season (2010).

in the beginning of the new active growing period (March 2011) in
order to collect data for the independent model validation.

Soil samples were collected, using a 150cm long and 5cm
diameter auger, at 0-30 and 30-60 cm soil depths in order to char-
acterize the soil layer with the presence of roots and at 60-90 cm
depth in order to monitor water and N movement below the root
zone. The samples were collected perpendicularly to the tree rows
at three distances from the emitter (0, 60 and 175 cm) in order to
gather information from both the irrigated and the non-irrigated
areas (Fig. 2). Samples were collected during the two experimen-
tal years with a variable frequency depending upon the period
(irrigation season or not) and the objective (calibration or vali-
dation). For each measurement day the sampling area presented
in Fig. 2 was replicated twice randomly in the grove, yielding nine
samples per depth and per distance from the emitter. Each soil sam-
ple was divided into two subsamples. One subsample was stored
in plastic bags and frozen for soil NO3-N analysis, where soil NO3-
N was extracted with a 2.3 M KCI solution and concentration was
calculated using the segmented flux method (Maynard and Kalra,
1993). The other subsample was used for the determination of the
soil moisture by the gravimetric method. The results were later
multiplied by the soil bulk density in order to obtain volumetric
water contents.

Data collection for the determination of actual evapotranspi-
ration started in June 2010. Measurements were performed by
Conceicdo and Ferreira (2013) by applying a method consisting
of long term continuous Granier sap flow measurements related
to short periods of eddy covariance measurements. The method is
described in detail by Ferreira et al. (2004), Silva et al. (2008) and
Paco et al. (2012).

3. Results and discussion
3.1. Model parameterization and calibration
3.1.1. Root distribution and wetted zone dimensions

Highest root densities were found in the top 35cm soil
layer mainly close to the trunk. More roots, including those of

Table 4
Measurements and calculations relative to the crop and the irrigation system.
Crop Irrigation
Tree height (m) 2.5+0.36 Emitter 1.6+0.14
discharge
(Lh™1)
Canopy diameter (m) 2.5+0.20 Wet band 0.54+0.1
width (m)
Ground cover (%) 15 Wetted area (%) 15
Rooting depth (m) 0.6 NO3-N in water 5
(mgL™")

smallest diameter, were found down to 60 cm depth and as far as
the vertical projection of the canopy. Very rare roots were observed
down to 90 cm depth. This shallow root distribution pattern is typ-
ical for the olive tree drip irrigated since planting (Fernandez et al.,
1991; Morales-Sillero et al., 2009). In RZWQM2 the bottom of the
root zone was then considered to be at the depth of 60 cm, and the
drainage/leaching breakthrough depth was set at 90 cm to account
for possible activity between 60 and 90 cm depth.

Fig. 3 presents the soil moisture contour lines obtained by inter-
polation of the measurements. Before the irrigation season (Fig. 3a)
the soil moisture pattern was relatively uniform in depth and later-
ally. Few days after the beginning of the irrigation season (Fig. 3b)
soil moisture reached field capacity vertically down to the depth
of 60 cm. Laterally irrigation water reached a distance between 40
and 50 cm from the emitter. In the middle of the irrigation period
(Fig. 3¢) the wetted distance at surface still did not exceed 50 cm,
while in depth all the profile was at field capacity. Thus, the wet-
ted band was approximately 100 cm wide, and the irrigated area
associated to a tree was estimated to be ~5 m2. This corresponds
to approximately 15% of wetted area and 85% of non-irrigated area.
Table 4 presents the results obtained from crop and irrigation mea-
surements and used to parameterize the model.

3.1.2. Soil hydraulic properties
Table 5 shows the Brooks and Corey functions and correspon-
dent parameters before and after calibration. Both the original and
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Table 5

Parameters of the Brooks and Corey functions that describe the soil hydraulic properties, estimated and calibrated against the infiltration/redistribution experiment.
Depth 0-60cm % change >60 cm % change
Parameter Estimated Calibrated Estimated Calibrated
s (cm? cm~3) 0.449 0.390 13 0.460 0.400 13
A 0.35 0.30 14 0.5 0.8 60
010 kpa (cm® cm=3) 0.196 0.210 7 0.349 0.280 19
01500 kpa (cm> cm—3) 0.067 0.079 18 0.156 0.100 35
Ksar (cmh™1) 5.1 6.1 20 0.5 0.8 60
N, 3.50 3.20 9 2.75 2.84 3
hy (cm) 6.47 10.45 61 6.47 245 61

s is the saturated soil water content, A is the slope of the log(0)-log(h) curve, 610 kpa and 61500 pa represent the field capacity and the wilting point respectively, K, is the
saturated hydraulic conductivity, N, is the slope of the log(K)-log(h) and hy, is the air entry water pressure.

the calibrated curves reflect the existence of a layer with clay
accumulation starting at 60 cm, typical for the Luvisol (Table 1),
presenting a higher 6, lower Ksa¢, and higher pore size distribu-
tion index () in comparison with the upper layer. Therefore, it
has a higher water retention capacity and a lower permeability in
relation to the overlying soil. The calibrated parameters for the
layer 0-60cm show, in relation to the original estimated ones,
an increase in the water retention capacity (decrease in A) and
hydraulic conductivity (decrease in N,) for high suctions. Bub-
bling pressure increased toward a more heavy textured soil. These
parameters reflect the high fine sand content of the soil, with
hydraulic properties closer to silt than to coarse sand. As to the
argic horizon, the calibrated K(h) was almost unchanged while the
6(h) changed toward a slightly lower retention soil. Containing less
sand, this soil horizon is more prone to structure disturbance dur-
ing sampling for the soil moisture determination at 10 kPa, thus
showing higher percentage changes than the surface horizon. The
soil moisture profiles obtained during the calibration process after
infiltration and after 1 and 7 days of redistribution are shown
in Fig. 4a, showing a good adjustment between predicted and
observed data. Fig. 4b shows RZWQM?2 predicted vs measured 60y,
and the correspondent 2. As the soil moisture depletion was due to
the downward movement of water without the influence of upward
fluxes through the soil surface or root uptake, soil moisture varia-
tions are very small and uniform over time. As a consequence, in
this type of experiment high values of r? are usually obtained after
the hydraulic parameters’ calibration.
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0.2 0.3 0.4 0.5

o
20 E
30 A}

40 &

Depth (cm)

50 A}
60 A
70 3

80
a)

90

6, predictions (cm? cm™)

3.1.3. Crop parameters and potential evapotranspiration

When the trees were included in the system the ETp prediction
was analyzed. Since the model imposed a LAI of zero at the begin-
ning of development, the underestimation of LAI during the initial
development stage was causing an overestimation in both the mean
canopy boundary layer resistance and the bulk stomatal resistance
of the canopy causing large errors in the prediction of transpira-
tion (T). To correct this, the following changes were introduced
in the Quicktree model before the calibration of the ETp module:
(i) parameterization of LAl requiring the initial and the maximum
value; (ii) adaptation of the stomatal resistances range considered
by the model to the large values presented by species adapted to
arid and semi-arid climates; (iii) consideration of the large inter
row distance, typical for these Mediterranean groves, with impacts
in the ETp partition between transpiration (T) and evaporation (E).
The crop and ETp models were then calibrated. Table 6 shows the
initial values, measured or estimated from literature and the cal-
ibrated parameters. The initial value for the maximum leaf area
index (LAI) was selected from the literature (e.g. Iniesta et al.,
2009), for olive groves under conditions similar to those of the
present study. Mariscal et al. (2000) provided values for the albedo
of olive trees between 0.09 and 0.12. Based upon Xiloyannis et al.
(2000) and Fernandez-Escobar et al. (2012), seasonal crop N uptake
was assumed to be 140 g N tree~! year—1, corresponding to approx-
imately 42 kgNha~1. The Shuttleworth-Wallace ETp model was
very sensitive to the stomatal resistance. The initial default value
of 400s m~! was used while the calibrated value was 700s m~!,

0.5

R>=0.9831

0.4

0.3

0.2

0.1

b)

0 0.1 0.2 0.3

6, measurements (cm?® cm)

0.4 0.5

Fig. 4. Hydraulic properties calibration results: (a) soil moisture profiles immediately after, one day and 1 week after infiltration; (b) predicted vs observed volumetric soil
moisture content (6, ) for the 2 week redistribution experiment (4, measured after infiltration; o measured one day after infiltration; A, observed 1 week after infiltration;

————— , predicted after infiltration; predicted one day after infiltration,

————— , predicted 1 week after infiltration).
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Table 6
Crop and ETp parameterization and calibrated parameters.
Crop parameter M/E C ETp parameter M/E C
Tree height (m) 2.54+0.36 2.5 Albedo of leaves 0.09-0.12 0.15
Rooting depth (m) 0.6 0.7 Albedo of soil 0.25 0.59
LAI 1.0 1.1 Minimum stomatal resistance (sm~') 400 700
Dormant recovery date 74 74 Surface soil resistance (sm~') 200 500
Active period (days) 269 269
Seasonal N uptake (kgha') 42 42
LAl is the leaf area index, ETp is the potential evapotranspiration, M/E are measured or estimated values, C are calibrated values.
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Fig. 5. Predicted and measured actual evapotranspiration (ETa): (a) calibration (2010/2011) and (b) validation (2011/2012).

Table 7
Statistics for the actual evapotranspiration (ETa) prediction for calibration
(2010/2011).

RMSE (mm) MSD (mm) EF D r?
0.45 0.58 0.68 0.88 0.83
RMSE per development phase

Development stage TNop RMSE (mm)
Initial development 23 0.40
Mid-season 53 0.50
Maturation 13 0.46

RMSE is the root mean squared error, MSD is the mean standard deviation of the
measurements, EF is the modeling efficiency, D in the D index, r? is the coefficient
of determination, n,y, is the number of observations.

reflecting the species adaptation to semi-arid conditions (Villalobos
et al.,, 2000; Torres-Ruiz et al., 2013). Initial values for soil albedo
were obtained from Farahani and DeCoursey (2000), according to
soil type, OM content and color. The calibrated values for soil albedo
were higher than the initial ones, which is related with the low
evaporation since 85% of the soil surface is not affected by irrigation.
The same applies to the soil resistance. As there were no measured
values for evaporation, during the calibration process soil evap-
oration in the irrigated zone was maintained between the range
indicated by Bonachelaetal.(2001)and Testi et al.(2004) for similar
conditions of ground cover and wetted area. This yielded 30% ETp
for E and 70% ETp for T. Fig. 5a shows the evolution of actual evapo-
transpiration measured and predicted by the Nimah and Hanks
equation using the calibrated ETp as upper boundary condition, for
2010/2011. The model clearly simulated the temporal tendency as
well as the peaks associated with specific climatic conditions for
some days. Table 7 shows the statistics for the ETc predictions for
the calibration period. The RMSE of the simulation was 0.45 mm
for the 1-year cycle, which is lower than the mean standard devi-
ation of the measurements. RMSE shows different values for each
development stage with higher values for the mid-season. The D

index and the r2 present the minimum required values, indicating
that both the trend and the magnitude of the results are being pre-
dicted with a good accuracy. These results are considered very good
for the water balance objective. Similar statistics were presented by
Er-Raki et al. (2010), with RMSE values of 0.24 mm and 0.71 mm for
E and T estimation by the FAO56 methodology (Allen et al., 1998).

3.1.4. Soil moisture

Fig. 6 shows predicted and measured soil moisture after the cal-
ibration of ETp for the irrigated areas between spring 2010 and
spring 2011, including both the active and the semi-dormancy
periods. Each value represents the average of nine samples asso-
ciated to the standard deviation of the measurements. During the
initial development stage there was a significant increase in soil
moisture in all soil layers due to rainfall up to early May. During
this phase the root uptake was still low, and 6, exceeded FC for
some days, resulting in the occurrence of drainage to the lower
layers. During mid-season, with the increase in ETa soil moisture
content ceased to increase in the root zone but remained close to
the FC due to the high frequency irrigations. We can assume, there-
fore, that water availability was not a limiting factor. Whenever
6y exceeds FC the hydraulic conductivity increases considerably,
originating drainage to the subjacent layers, which is the most
common situation occurring after rainfall from October 2010 to
March 2011. On the other hand, for effective pressure values below
10 kPa (FC) the hydraulic conductivity was low, and even with high
gradients there will be no hydraulic fluxes to the deepest layers
of the profile. In the 60-90cm soil layer, soil moisture content
increased slowly and continuously over the study period, indicat-
ing that irrigation water reached depths beyond the root zone. The
same happens for some precipitation events outside the irrigation
season. Fig. 7 shows calibration results for the non-wetted areas
of the irrigated treatments. Soil water depletion occurred mainly
from July to October due to evaporation and the lack of precipita-
tion. After this, soil moisture started to increase due to the winter
rainfall. Table 8 presents the statistics for soil moisture predic-
tion. For the irrigated areas the RMSE values are always lower than
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Table 8
Statistics for the soil moisture and N predictions for calibration (2010/2011).

M.R. Cameira et al. / Agricultural Water Management 146 (2014) 346-360

Depth (cm) Irrigated area Non-irrigated area
Soil moisture predictions
RMSE (cm? cm—3) MSD (cm? cm—3) EF D 2 RMSE (cm? cm~3) MSD (cm? cm~3) EF D r?
0-30 0.011 0.038 0.84 0.96 0.93 0.019 0.014 0.80 0.95
30-60 0.013 0.022 0.86 0.96 0.018 0.012 0.74 0.92 0.87
60-90 0.012 0.023 0.88 0.97 0.019 0.018 0.58 0.91
Depth (cm) Soil N predictions
RMSE (kgha=1) MSD (kgha=') EF D r RMSE (kgha=1) MSD (kgha=') EF D 2
0-60 5.1 8.0 0.93 0.96 0.96 24 2.3 -1.35 0.65 052
60-90 33 7.5 0.94 0.97 29 22 -0.80 0.75 )

RMSE is the root mean squared error, MSD is the mean standard deviation of the measurements, EF is the modeling efficiency, D in the D index, 12 is the coefficient of

determination calculated for the entire profile (0-90 cm).

the MSD, as required. For the non-irrigated areas RMSE are very
close, but higher than the MSD, due to the lower variability of soil
moisture measurements in the dryer soil. D index always presents
values higher than the minimum recommended (70%). EF presents
higher values than the minimum recommended (70%) except for
the lower depths in the non-irrigated area. The r? presents, for
the two situations, higher values than the minimum recommended
(0.8). It is concluded that the observed data is being conveniently
explained by modeling both in terms of trends and magnitude, and
so the model is considered calibrated for the components soil water
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Fig. 6. Predicted and measured soil moisture in the root zone and in the subjacent
layer of the irrigated area for calibration (March 2010-March 2011).

storage and crop ETa. It can be assumed that the bottom boundary
flux (drainage), for which there are no measurements, is being pre-
dicted with a similar level of confidence as the measured ETa and
water storage.

3.1.5. Soil G/N dynamics

Acording to Scheppers and Mosier (1991) the annual N miner-
alization should be around 20kgha~!year~! per each 1% of soil
endogenous OM, for the top 30cm. Since the studied soil pre-
sented 1.5% OM, calibration aimed at an estimated mineralization
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Fig. 7. Predicted and measured soil moisture in the non-irrigated zone for calibra-
tion (March 2010-March 2011).
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Fig. 8. Predicted and measured soil moisture in the root zone and in the subjacent
layer of the irrigated area for validation (March 2011-March 2012).

rate of 30 kg N ha—! year—!. To achieve this, the OM was partitioned
between the three humus pools as follows: 4% in the fast pool, 16%
in the intermediate pool and 80% in the slow humus pool. Then
the interpool coefficients were adjusted, resulting in a value of 0.1
between the slow residue and the intermediate soil humus, 0.1
between the fast residue and the fast soil humus, 0.4 between the
fast and the intermediate soil humus and 0.4 between the interme-
diate and the slow soil humus. Then, to adjust the fertilizer NH4*
transformation to NO3 ™, the nitrification rate constant was set to
1 x 1073, Fig. 8 presents the observed and the predicted NO3-N
storage in the root zone and in the subjacent layer for the irri-
gated areas, after calibration. Each value represents the average of
nine samples associated to the standard deviation of the measure-
ments. NO3-N started to accumulate in the root zone (0-60 cm)
at the beginning of fertigation in late April, while the subsurface
layer (60-90 cm) showed significantly lower storage. However at
the time the soil moisture reached field capacity (Fig. 6) soil NO3-N
started to decrease in the root zone and to increase in the sub-
surface layer, indicating the occurrence of N leaching. There is a 30
day lag time for peak occurence in the two soil layers. At the end
of the irrigation season (mid-October), when the crop uptake for
water and N was low, the soil profile stored 20kgha~! of NO3-
N. With the occurrence of the autumn precipitation this NO3-N
disappeared from the soil profile with leaching as the most prob-
able cause. This moderate/high nitrate mobility can explain the
almost null concentrations of this compound before the start and
at the end of the fertigation period. In the non-irrigated area (Fig. 9)
there was an increase of NO3-N storage in the soil probably due to
mineralization of OM. However, this storage was leached out of the
root zone with the autumn precipitations. Figs. 8 and 9 show that
the model predicted the evolution of NO3-N storage, including the
occurrence of peaks, in both soil layers of the irrigated and non-
irrigated areas. Table 8 presents the correspondent statistics. The
RMSE values are always lower than the MSD for the irrigated zone.
For the non-irrigated zone RMSE is very close but higher than the
MSD. D index always presents values higher than the minimum
recommended (70%). EF presents higher values than the minimum
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Fig.9. Predicted and measured soil moisture in the non-irrigated zone for validation
(March 2011-March 2012).

recommended (70%) for the irrigated areas. For the non-irrigated
areas the negative EF values suggest that the prediction error is
higher than the variability of measurements, which, according to
Fang et al. (2012) and Youssef et al. (2006) is common in agricul-
tural systems. This is due to the low variability in the non-irrigated
soil where both the N inputs and outputs are reduced. The r* meets
the criteria only for the irrigated soil.

3.2. Model validation

Figs. 5b, 10, 11, 12 and 13 show ETa, soil moisture and soil
N results for the validation period. During this period precipita-
tion was 20% higher compared with 2010/2011, especially during
spring in the beginning of the vegetative period (Fig. 1). As a conse-
quence irrigation was 18% lower. N additions with the fertilizer and
supplied by the irrigation water were 10% lower than that in the
previous period. Also the autumn precipitation events were scarcer
leading to the accumulation of NO3-N in the 60-90cm, which
increased leaching potential. Tables 9 and 10 present the statis-
tics for ETa, soil moisture and soil NO3-N predictions. As expected,
since there was no parameter changing, the statistics show lower
values than for calibration. Nevertheless, the trends were predicted
(r? ~0.8), the RMSE is often lower than the standard deviation of the
measured values and the D index is above the minimum required.
Again, the worse results were obtained for the nitrate predictions

Table 9
Statistics for the actual evapotranspiration (ETa) prediction for validation
(2011/2012).

RMSE (mm) MSD (mm) EF D r?

0.44 0.74 0.48 0.86 0.77

RMSE per development phase

Development stage TNop RMSE (mm)
Initial development 48 0.39
Mid-season 55 0.49
Maturation 28 0.43

RMSE is the root mean squared error, MSD is the mean standard deviation of the
measurements, EF is the modeling efficiency, D in the D index, % is the coefficient
of determination, n,, is the number of observations, RMSE is the root mean squared
error
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Table 10
Statistics for the soil moisture and N predictions for validation (2011/2012).

Depth (cm) Irrigated area Non-irrigated area

Soil moisture predictions

RMSE (cm? cm—3) MSD (cm? cm~3) EF D r? RMSE (cm? cm~—3) MSD (cm? cm~—3) EF D 2
0-30 0.029 0.030 0.79 0.83 0.028 0.014 0.73 0.88
30-60 0.024 0.022 0.77 0.84 0.79 0.021 0.013 0.68 0.69 0.75
60-90 0.020 0.030 0.72 0.88 0.018 0.022 0.30 0.70
Depth (cm) Soil N predictions

RMSE (kgha1) MSD (kgha=') EF D 2 RMSE (kgha1) MSD (kgha=') EF D 2
0-60 3.9 13.1 0.91 0.95 0.88 22 0.91 -1.89 0.46 0.78
60-90 4.2 7.2 0.83 0.93 3.1 0.92 -1.11 0.70 )

RMSE is the root mean squared error, MSD is the mean standard deviation of the
determination calculated for the entire profile (0-90 cm).

in the non-irrigated zone probably due to the very low N concen-
trations in these areas. Overall, the validation results indicate a
good model performance for climatic and management conditions
different than the ones existing during the calibration period.

3.3. Environmental impacts: soil water and nitrogen balance
analysis

3.3.1. Water balance and irrigation

Table 11 shows the predicted water balance for the two exper-
imental years for the irrigated area of one tree, after model
calibration and validation. For the two studied periods, ETa
accounted for 40 and 42% of the precipitation and irrigation inputs.
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Fig. 10. Predicted and measured soil N-NOs in the root zone and in the subjacent
layer of the irrigated area for calibration (March 2010-March 2011).

measurements, EF is the modeling efficiency, D in the D index, r? is the coefficient of

In 2010/2011, 52% of the inputs were lost by drainage and 8%
was stored in the soil profile. In 2011/2012, drainage losses were
62% of the inputs, with depletion of soil water storage. During
the olive grove active period, drainage was 71% and 94% of the
annual drainage for the 1st and 2nd studied years respectively,
being the difference due to distinct precipitation patterns, espe-
cially after the irrigation season. During the irrigation periods
drainage presented a similar value of 2.9 m3 tree~! for both years,
corresponding to 57% and 58% of the irrigation inputs. Drainage
was essentially due to irrigation since it quantifies as 74% and
61% of the drainage predicted for each active period. The aver-
age drainage loss during the irrigation season and for the whole
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Fig. 11. Predicted and measured soil N-NOs in the root zone and in the subjacent
layer of the irrigated area for validation (March 2011-March 2012).
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Fig. 12. Predicted and measured soil N-NOs in the non-irrigated area for two soil
layers for calibration (March 2010-March 2011).

field, considering the irrigated and the non-irrigated zones was
135mm and 96 mm for the 2010/2011 and 2011/2012 periods,
respectively. Fig. 14a shows the simulated drainage pattern at the
depth of 90 cm under the irrigated and non-irrigated areas for both
periods.

3.3.2. N budget balance and fertilization

Table 12 presents the predicted nitrogen balance for the 2 years,
in grams of mineral N per tree. For both years the non-fertilizer
sources of N were higher than the N uptake by the tree, estab-
lishing a considerable potential for N loss. The average NO3;-N
concentration in the irrigation water (Table 4) yielded an average
contribution of 7.7 and 7.1 kg ha~! for each fertigation season, cor-
responding to 26 and 24 gtree~! respectively. Annual mineraliza-
tion, equivalent to 33 kgNha~!year~! and 42kgNha~1year-! for
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Fig. 13. Predicted and measured soil N-NO3 in the non-irrigated area for two soil
layers for validation (March 2010-March 2011).

the calibration and validation 1 year periods respectively, is within
the order of magnitude given by Scheppers and Mosier (1991)
(around 20 kg N ha—! year—! per each 1% of soil endogenous OM, for
the top 30 cm) and accounted for 47% of the fertilizer inputs. Similar
values (44.8-69.6 kg ha~1) were found by Fernandez-Escobar et al.
(2012) for irrigated olive groves in Mediterranean conditions with
similar amounts of OM in the top soil layer. The N loss pathways
included leaching and denitrification. The latter represented only
6% of the fertilizer N, which is comparable to other values predicted
(Fang et al., 2012) or measured in the field (Meisinger and Randall,
1991),and occurred in the periods during the irrigation season with
soil moisture above FC. Table 12 shows that 75% and 64% of the
NO;-N fertilization inputs were leached during the 2010/2011 and
2011/2012 fertigation periods, respectively, which can be related
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Fig. 14. (a) Hydraulic flux and (b) NOs-N leaching at the bottom boundary (90 cm), under the irrigated and the non-irrigated areas, for the two studied olive grove cycles.
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Table 11
Water balance terms for the soil top 90 cm (all terms in m? per tree).

Period March 2010 to March 2011
P 1 ETa D AS

Active 2.48 5.1 3.0 39 0.6
Fertigation 0.7 5.1 2.6 29 0.2
Dormancy 1.55 0.0 0.12 1.64 -0.12
1-Year tree cycle 4.04 5.1 3.12 5.53 0.5
Period March 2011 to March 2012

P I ETa D AS
Active 2.6 4.8 3.1 4.6 -0.2
Fertigation 0.1 4.8 2.1 2.8 -0.1
Dormancy 0.2 0.0 0.1 0.3 -0.2
1-Year tree cycle 2.8 4.8 3.2 49 -04

P is the precipitation, [ is the irrigation, ETa is the actual evapotranspiration, D is the
deep drainage, AS is the storage variation for the period.

Table 12
Mineral N budget for the top 90 cm (all terms in g tree ).

Period March 2010 to March 2011

Nmin NF N[ Nupt Nleach Nden Nres AS
Active 102 217 26 100 218 12 17 15
Fertigation 72 217 26 88 162 8 72 55
1-Year tree cycle 124 217 26 100 233 12 9 8
Period March 2011 to March 2012

Nmin NF Nl Nupt Nleach Nden Nres AS
Active 117 228 24 102 204 7 42 33
Fertigation 85 228 24 97 145 4 122 86

1-Year tree cycle 140 228 24 102 230 10 37 28

AS is the variation in mineral N storage, N is N added with the fertilization, Nj is
the nitrogen source in the irrigation water, Ny, is the mineralization of organic N,
Nupe is the N uptake by the olive trees, Nieacn is the N lost by leaching, Nge, are the N
losses by denitrification and Ny is the residual NO3-N.

to the occurrence of drainage fluxes from the irrigation events as
well as to the NO3-N storage surplus in the soil. As a result, at the
end of the fertigation season the residual N in the profile was rea-
sonably low (corresponding to 21 and 36 kg NO3-N ha~1). Only 45%
of the fertilizer inputs were used by the trees during the fertiga-
tion period. The leaching losses for the total area, averaged from
the irrigated and the non-irrigated areas, were 51 kg NO3-Nha~!
and 49 kgNO3-Nha~! for the 2010/2011 and 2011/2012 periods,
respectively. Fig. 14b shows the daily leaching rate at the depth of
0.9 m under the irrigated and non-irrigated areas for both periods,
closely following the drainage pattern (Fig. 14a). Average NO3-N
concentrations in the drainage water were estimated by taking into
account the drainage volume out of the root zone and the amount
of N leached and presented values of 55.8 and 44.3 mg NO3-NL-!
for each studied year. Fernandez-Escobar et al. (2012) estimated
average NOs-N concentrations in the drainage water between 50
and 150 mg NO3-NL-! for an application rate of 1.15kgN tree~1.
Although these concentrations will be diluted in the groundwater,
the accumulated impact of this surplus in the context of long-term
productivity leads to a potential groundwater contamination risk.
The results of this study demonstrate that opportunities exist to
improve the performance of the drip fertigation system.

3.3.3. Optimization of irrigation and N fertilization practices for
the reduction of environmental impacts

The calibrated and validated RZWQM2 was used to test the
effects of different irrigation management scenarios on drainage

losses and N leaching. Three scenarios were analyzed, corre-
sponding to a full irrigation (FIFC) scheme based upon the model
estimation of ETp and two regulated deficit irrigation (RDI) scheme,
according to the work of Gispert et al. (2011). The scenarios were:
(i) FIFC - full irrigation, where the atmospheric demand of the
trees was met and the application frequency maintained the water
storage below the soil field capacity (FC); (ii) RDI75 - regulated
deficit irrigation, where the irrigation amount between mid-July
(stone hardening) and mid-September (onset of ripening) was
75% of FI for the same period. For the rest of the season (March
to July and late September and October), RDI received the same
amounts of water than FI; (iii) RDI50 - similar to RDI75, but
the reduction during the deficit period is 50% in relation to the
FI.

Results are shown in Table 13 and refer to the fertigation
period (April to October). Compared with the experiment, the FIFC
scenario resulted in irrigation water saving of 51% without any
reduction in ETa, whereas drainage was reduced by 47%. Drainage
due to irrigation was now only 13% of total drainage compared
with 56% for the experiment. N leaching was reduced by 90% and
consequently N uptake increased by 31%. The higher soil aera-
tion in relation to the experiment resulted in 75% decrease in
denitrification and 13% increase in mineralization. However, the
residual N content of the profile at the end of the fertigation season
increased. When compared with FIFC, the RDI75 and RDI50 sce-
narios presented 13% and 27% water savings respectively, whereas
the ETa decreased 5% and 10%, which in this period has mini-
mum impacts upon production and oil quality. Drainage during
the irrigation season was reduced by 15% and 28%, respectively.
As a consequence N leaching decreased 31 and 68%, respectively,
and N accumulated in the profile. In the absence of drainage fluxes
this N can be used later, otherwise it will be leached. N addi-
tions through mineralization increased 19% for the RDI75 and
decreased 11% for the RDI50. This is according to the fact that
mineralization is optimized for soil moisture between FC and 40%
FC (Campbell and Biederbeck, 1982). In relation to FIFC, N uptake
decreased by 19% in both deficit irrigation scenarios. For the RDI
scenarios the main contribution to reducing NOs-N leaching loss
was the reduction of drainage flow. However, due to the exis-
tence of an N surplus, the residual profile of N at the end of
this period was high representing an important leaching poten-
tial. Fernandez-Escobar et al. (2009) measured similar residual soil
N profiles for 0 and 1.15kgNtree~! year~! application rates. A
simple balance between the uptake needs and the inputs show
that the non-fertilizer sources of N (OM mineralization and the
irrigation water contribution) are sufficient. With the objective
of satisfying N uptake needs but minimizing the leaching and
residual soil N (at end of the fertigation season left-over soil N),
three levels of fertilization were studied for each irrigation sce-
narios, 100%, 50% and 0% of the original application to compare
NOs3-N loss at the same drainage flow. Table 13 shows that, for
each irrigation scenario, soil residual N can be minimized at the
expense of an N uptake decrease between 3 and 13% for the 50%
application and between 20 and 30% for the 0% application. This
shows that once the drainage fluxes are controlled by an opti-
mized irrigation scheme, soil N surplus has to be minimized by
applying the fertilizer exactly when needed, using a real time plant
N indicator, e.g. previous season’s foliar analysis or a chlorophyll
meter.

Further research will allow the scaling-up of the NO3~ leaching
from different irrigated olive orchards to all of the area occu-
pied by the intensive and super intensive olive groves in Alentejo
region. This study could be based on an approach combining the
groundwater recharge quantification for site specific hydrogeolog-
ical properties, and satellite-based surface energy balance models
to map actual crop ET.
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Table 13
Results for the management scenarios (fertigation season).

359

Irrigation Np  I(m3tree~!) ETa(m3tree!) D(m’tree!) N;(gtree ') Npin(gtree ') Nypc(gtree ') Niegen (kgha ')  Ngen (kgha™')  Npes (kgha™!)
100% 81 115 16 2 62
FIFC 50% 2.59 2.98 1.53 12.6 81 94 14 1 48
0% 83 80 14 1 11
100% 96 93 11 2 69
RDI75 50% 2.25 2.83 1.30 113 85 86 11 1 36
0% 95 75 11 1 11
100% 72 94 5 2 70
RDI50 50% 1.90 2.71 1.10 9.5 77 91 5 1 39
0% 73 71 5 1 11

1is the irrigation, ETa is the actual evapotranspiration, D is the deep drainage; N is N added with the fertilization, N; is the nitrogen source in the irrigation water, Ny, is the
mineralization of organic N, Ny, is the N uptake by the olive trees, Nge, are the N losses by denitrification and Njeacp is the N lost by leaching, Ny is the N residual profile.

4. Conclusions

RZWQM?2 was adapted for the representation of olive groves
under a typical Mediterranean agro-ecosystem, resulting in a more
appropriate description of LAl with positive impacts upon the
canopy boundary layer resistance and the bulk stomatal resistance
of the canopy for the ETp calculation.

The model was able to predict the water and N dynamics in the
fertigated olive orchards yielding the expected statistics to meet
the acceptance criteria with respect to ETa, soil moisture and soil
NOs3-N for the calibration and validation phases. Modeling uncer-
tainty could further be reduced if root N uptake data were available
to validate the predictions. The model was considered acceptable
for predicting drainage and N leaching, however it is advisable to
calibrate the estimated hydraulic properties against a simple infil-
tration redistribution experiment.

The analyses of the current practices showed irrigation to be
excessive since soil moisture equaled or exceeded FC during an
important part of the irrigation season causing downward fluxes
out of the root zone. Model predictions showed that 57% and
58% of the irrigation inputs were lost by drainage during the
irrigation season, for the 2010/2011 and 2011/2012 olive grove
cycles, respectively. Leaching of N was 75% and 66% of the fertil-
ization inputs for the same periods. A simple N balance showed
that the inputs exceeded crop N uptake producing a N surplus with
a high leaching potential. The accumulated impact of the surplus
can be considerable in the context of long-term productivity, envi-
ronment and human health, consisting in a potential groundwater
contamination risk.

Our results, together with other recent findings on the effect of
water stress on olive fruit development show that both the RDI75
and RDI50 treatments seem appropriate for a sustainable fertiga-
tion managementin the studied olive orchards. These RDI strategies
would require total amounts of 670 and 565 m3 ha~! respectively
compared with the 1500 m3 ha~! currently applied. However, both
the amount and frequency of irrigation will depend upon the pre-
cipitation occurring during the deficit period, requiring a real time
field management. As to the N management, RDI75 creates soil
moisture conditions that optimize mineralization, reducing the fer-
tilizer needs. The considerable amount of non-fertilizer N sources
indicates that a small amount of fertilizer will be needed and the
application time should be decided based upon crop N demand in
order to minimize soil residual N in the profile.
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