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Modeling in agriculture represents an important tool to understand processes as water and nutrient
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losses by drainage, or to test different conditions and scenarios of soil and crop management. Among the
existing computational models to describe hydrological processes, SWAP (Soil, Water, Atmosphere and
Plant model) has been successfully used under several conditions. This model was originally developed to
simulate short cycle crops and its use also to cover longer cycles, e.g. perennial crops, is a new application.

Iéeyv‘_’lords" This report shows a SWAP application to a mature coffee crop over one-production cycle, focusing on
s\r/?/zlp deep drainage losses in a typical soil-plant-atmosphere system of the Brazilian savanna (Cerrado). The

estimated annual deep drainage Q=1019 mm obtained by SWAP was within 99% of the value determined
by the climatologic water balance of 1010 mm. Monthly results of SWAP for Q compared to the estimative
using the climatological method presented a determination coefficient of 0.77. A variety of coffee ferti-
gation scenarios were simulated using SWAP and compared to farmer’s management scenario, leading
to the conclusion that larger irrigation intervals result in lower Q losses, better water productivity and
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higher crop yield.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The savanna ecoregion (Cerrado) prevails in central Brazil, also
reaching the northeast part of the country and including part of
the state of Bahia. The savanna domain in Bahia is highly suit-
able for irrigated agriculture due to the great availability of surface
and underground water resources. According to Brazil’s National
Grain Supply Company (CONAB), western Bahia is an important
food (grain) provider and holds, for example, the highest coffee
yield under savanna conditions in the country. However, there are
some concerns in respect to the modern agriculture practiced in
this producer region. Due to the ineffective land management dur-
ing the last decades, the irrigated farms concentrated at specific
areas and, therefore, conflicts over water use already took place
in western Bahia (Lima, 2011). At the same time, management

* Corresponding author. Tel.: +55 19 34294617.
E-mail address: meriguett@hotmail.com (V.M. Pinto).

http://dx.doi.org/10.1016/j.agwat.2014.09.029
0378-3774/© 2014 Elsevier B.V. All rights reserved.

practices applied by farmers are not sustainable in terms of fertil-
izer and water usage, especially due to the lack of scientific studies
that support their decisions (Bruno et al., 2011).

Numerical modeling applied to agriculture is a useful tool to
simulate biophysical processes and can be used to obtain short-
term results and future predictions under defined scenarios. The
information generated is helpful for establishing a more sustainable
agriculture as well as supporting strategies for the mitigation of
pollution, named by Strauch et al. (2013) as the “Best Management
Practices”. The hydrological model SWAP (Soil, Water, Atmosphere
and Plant) is one of the existing algorithms used worldwide for a
variety of soils, crops and climatic conditions (Chirico et al., 2013;
Crescimanno et al., 2012; Eitzinger et al., 2004; Kamble et al., 2013;
Ma et al., 2011; Noory et al., 2011). The model has shown consis-
tent results when applied to maize crops in sub-tropical climates
(Pinheiro et al., 2013) and to soybeans and common beans in tropi-
cal climates (Scorza Junior et al., 2010; Durigon et al., 2012). SWAP
was successfully validated already under several climatic and envi-
ronmental conditions as cited Ines et al. (2006). More recent studies
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with this model found close agreement between measured and
simulated values (Mishra et al., 2013; Singh et al., 2010; Utset et al.,
2007; Vazifedoust et al., 2008; Verma et al., 2012).

This study aimed to use SWAP to evaluate the deep drainage of a
savanna coffee plantation and analyze irrigation scenarios in view
of water productivity and conservation, minimizing environmental
impacts. Values of SWAP input parameters were acquired from a
one-year experimental database coming from a study performed
on a mature coffee crop growing in central Brazil (Bortolotto et al.,
2011, 2012; Bruno et al., 2011). The computer simulations focused
on improving water usage and understanding of water dynamics in
a sandy soil typical of the Brazilian savanna, an area that is recently
intensively used to grow perennial crops. We studied several sce-
narios of irrigation to improve water productivity for the chosen
area.

2. Materials and methods
2.1. The Soil, Water, Atmosphere and Plant model (SWAP)

The model SWAP was developed more than 40 years ago and was
gradually upgraded reaching its last version SWAP 3.2 (Kroes et al.,
2008). This last version of the model had the source code restruc-
tured, numerical stability improved, macropore process integrated,
and simplification of precipitation and evapotranspiration inputs
included (van Dam et al., 2008).

SWAP makes use of Richards’ equation in one dimension added
by the sink terms (S) to calculate the water movement in the soil
matrix, as follows:

30 O [K(h)((0h/hz) +1)] st 0
ot 0z ()
where 0 (cm3 cm~3) is the volumetric soil water content, t (d) time,
S(cm3 cm~3 d-!) the soil extraction rate by plant roots, K (cmd-1)
the soil hydraulic conductivity, h (cm) the soil water pressure head
and z (cm) the vertical coordinate taken positively upwards. SWAP
uses Richards’ equation for describing water flux in the unsaturated
and saturated zones of the soil and solves Eq. (1) numerically, using
the relations between 0, h and K, with the Mualem-van Genuchten
relations 6(h) and K(h) (Mualem, 1976; van Genuchten, 1980).

The upper-boundary conditions in SWAP are determined
according to the rates of potential evapotranspiration ET, (mm),
irrigation I (mm) and precipitation P (mm) of the area under
study. Daily ETj, is calculated with the Penman-Monteith equation
(Monteith, 1965, 1981) using meteorological data of air tempera-
ture Ty (°C), solar radiation RAD (kj m~2), wind speed S, (ms~1!)
and air humidity H; (kPa).

The water balance is determined as in the following equation:

+AW; =P +1—ET,+£RO-P;+Q 2)

where W; (mm) is the soil water storage in a defined elemental
soil volume, ET, (mm) the actual evapotranspiration, RO (mm) the
run-off and run-on, P; (mm) the canopy water interception and Q
(mm) the soil water drained at the lower boundary, equal to —Q or
+Qcr. The percolation Qg is downwards and Q. the upwards, when
capillary rise is present. Q4 can still be subdivided into the com-
ponents Qg, due to irrigation, and Qgp, due to the rainfall. Actual
evapotranspiration is calculated considering the reduction of root
water uptake when there is water or salinity stress, and the reduc-
tion of soil water content due to the soil surface drying. The actual
transpiration T, (mm) is obtained as follows:

0
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Fig. 1. Experimental site localization, showing central pivot circles in 2013.

where the lower integration limit R, is rooting depth and S; the
root water flux, which is related to the potential transpiration T,
(mm). During water stress, S, (z) is described in SWAP as proposed
by Feddes et al.(1978).In this function, the root water uptake is reg-
ulated by the critical pressure head values h; (point where water
extraction begins due to anoxia), h, (begin of constant maximum
root extraction), h3 (end of constant maximum root extraction), hy
(wilting point, where root extraction ends). The actual evaporation
is determined by Darcy’s relation and empirically either accord-
ing to Black et al. (1969) or to Boesten and Stroosnijder (1986), to
be selected by the SWAP user. The bottom-boundary condition is
adjusted by the user and can be, for example, prescribed with pres-
sure head values of the bottom soil compartment, calculated as a
function of the groundwater level, or the boundary condition can
be the free drainage of the soil profile.

SWAP contains simple and detailed crop growth modules, which
should be selected by the user according to the available plant data.
In the simple model the user provides the leaf area index (LAI), crop
factor (K¢) and rooting depth as a function of the crop development
stage (DS). These data are used to calculate the canopy interception
P;, potential transpiration T, and potential evaporation Ep.

2.2. Experimental site and field experiment

An experimental test used to calibrate and compare the results
of the SWAP model was performed between August 1st, 2008
and July 31st, 2009, at a private farm near the city of Barreiras
(11°46'00"S, 45°43'32"W), in Bahia, northeast Brazil (Fig. 1). The
soil is classified as a Typic Hapludox according to the USDA Soil
Taxonomy (Soil Survey Staff, 2010), with low natural fertility and
is located in a savanna region. The precipitation is very variable,
ranging from 800 to 1800 mm per year, with most events occur-
ring from October to April. Meteorological data, acquired from the
National Institute of Meteorology (INMET, Brazil ), were collected at
the meteorological station of the municipality of Barreiras, 90 km
far from the experimental site. The input variables farmer irrigation
depths and precipitation along the experimental year used for
SWAP simulations are shown in Fig. 2. It is important to observe
that irrigation is not discontinued during the rainy season, due to
the fertilizer application that is carried out year round.

The coffee species was Coffea Arabica L., variety Catuai Vermelho.
Plants were seven years old at the beginning of the experiment
and were planted at a spacing of 3.8 m between lines and 0.5m
between plantsin acircular arrangement for central pivotirrigation
with a total area of 80ha, adapted for fertigation. Irrigation was
applied homogeneously over the planted area, and the experi-
mental site consisted of the pivot circle number 4, starting from
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Table 1

Physical characteristics of the experimental site soil as a function of depth.
Soil depth (cm) Number of samples for K test Ks (cmd-1) S.D.(cmd-1'). Dy (gcm~3) Sand?® (%) Clay? (%) Silt? (%)
0-10 15 184 130 1.79 78 16 6
10-20 6 349 106 1.79 78 19 3
20-40 4 354 51 1.57 73 22 4
40-60 3 454 155 1.53 71 23 6
60-80 3 268 135 1.52 70 24 6
80-100 3 267 15 1.50 69 25 6

Note: K;, saturated hydraulic conductivity; S.D., standard deviation of Ks; Dy, bulk density.

a Texture values are from three replicates.

Table 2
Parameters of van Genuchten obtained for the 1 m soil profile.
van Genuchten parameters 5% lower Mean 5% upper
fs (cm3 cm3) 0.367 0.387 0.407
0r (cm® cm—3) 0.076 0.097 0.117
n 1.379 1.636 1.893
o (cm™1) 0.009 0.016 0.025

Note: Upper and lower values for van Genuchten parameters represent upper and
lower limits in the interval of 95% of confidence.

the center of the coffee plantation (Bruno et al., 2011). Irrigation
was performed by LEPA-type emitters, which distribute the water
according to the circular coffee lines, avoiding the application of
water in the interrow. The pivot operation was continuous during
the year and stopped only during harvest (May-June), according to
farmer’s practice.

For the saturated hydraulic conductivity K5 (cmd~1), soil bulk
density D, (gcm~3) and soil particle size analyzes, soil samples
were extracted from soil layers 0-10, 10-20, 20-40, 40-60, 60-80,
and 80-100cm (Table 1) in the coffee field. In the laboratory, the
constant head method (Reynolds et al., 2002) was employed for
obtaining K. Soil water retention curves were constructed using
sieved soil samples (2 mm sieve), assuming that for sandy soils the
structure of the samples is of little importance. Samples of each soil
layer were submitted to the pressures of 100, 200, 330, 500, 1,000,
3,000, 5,000, 10,000, 15,000 cm of water in the laboratory, using the
Richards pressure plate extractors. A soil water retention curve was
established by fitting the van Genuchten (VG) model to all water
retention data for the 1 m soil profile, using the RETC program (van
Genuchten et al., 1991). The saturated and residual water contents
(65 and 6;, cm3 cm~3), the shape parameters n and o (cm~!) needed
for SWAP simulations were obtained together with their 5% upper
and lower limits (Table 2). The upper limits of VG parameters were
represented by 05, 6;*, n* and «*, and the lower limits by 65—, 6,~,
n~anda.
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Fig. 2. Daily precipitation (a) and irrigation (b) during the experimental year
(August, 2008 to July, 2009).

2.3. Climatologic water balance

Previous studies were performed in this coffee plantation as
mentioned before, and the hydrological evaluation of this area was
achieved by Bortolotto et al. (2012). In their study the climatologic
water balances (CWB) were calculated for the pivot area with time
intervals of 5 days, during the entire one-year coffee producing
cycle, using a sequential method proposed by Rolim et al. (1998).
Due to the characteristics of the plantation, flat and well drained
with a deep water table located several meters below soil surface,
the RO was considered to be zero, as well as Q.. Bortolotto et al.
(2012) estimated ET, by the Thornthwaite (1948) and Monteith
(1965) models. They considered the coffee crop factor (K.) as equal
to 1.0, based on studies that showed values in the range of 0.6 to
1.4 (Pereira et al., 2002, 2008; Santinato et al., 1996). The sequen-
tial CWB in Bortolotto et al. (2012) assumes P;=0 and calculates a
component called water excess (EXC), which includes RO and Q. As
RO and Q. are considered zero, it is assumed that the EXC=Q=Qy,
and that Q is only the downward drainage which is lost from the
crop below the 1 m depth.

2.4. Parameter estimation

Information about soil hydrology, plant and meteorological data
are the SWAP input requirements to run it. The model works with
a collection of input files: main file, crop file, irrigation file and
meteorological files for each year of the simulation. The irrigation
file requires dates and amounts of water applied by irrigation and
the meteorological file requires daily variables: air temperature Tg;
(°C), solar radiation RAD (k] m~2), wind speed S,, (ms~1), air vapor
pressure H, (kPa), and P (mm).

The water balance components were simulated for each month
during the one-year period of study. The moment of crop emer-
gence was set on August 1st, 2008 and the crop harvest was on July
31st, 2009, the period of the coffee cycle (Bruno et al., 2011). The
amount of water applied by irrigation was scheduled as shown in
Fig. 2.

The initial pressure head distribution in the soil was unknown
and necessary for the water balance simulation, so the pressure
head distribution in the soil profile at the end of one year of the
first simulation with SWAP was used thereafter as the initial con-
dition. The soil profile (0-1m) was divided into three sub-layers
with thicknesses of 10, 40 and 50 cm, each sub-layer containing 10,
8 and 5 layers with 1, 5 and 10 cm width, respectively. This pos-
sibility of soil profile discrimination in SWAP allows us to analyze
in details the evolution of predicted 6 and h in the time frame. The
bottom-boundary condition of free drainage of the soil profile was
selected in SWAP because the water table is located several meters
below the soil surface. In this case, the bottom flux of the SWAP soil
profile is equal to the hydraulic conductivity in the last soil com-
partment, as the gradient of water potential in soils under drainage
can be assumed to be unity (Kroes et al., 2008).

The empirical parameter of pore connectivity A, proposed by
Mualem (1976), is difficult to be evaluated directly. According to
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Table 3
Standard values used in SWAP simulations.

Description Parameter symbol Value Unit
Soil
Saturated volumetric water content A 0.3874 cm? cm—3
Residual volumetric water content 0, 0.0969 cm® cm—3
Shape parameter of the retention curve n 1.636 -2
Shape parameter of the retention curve o 0.017 cm™!
Shape parameter of hydraulic conductivity curve A 0.5 -
Saturated hydraulic conductivity Ks 266 cmd-!
Plant
Light extinction coefficient for diffuse visible light Kaif 0.9 -
Light extinction coefficient for direct visible light Kair 0.86 -
Leaf area index at the beginning of simulation LAl 8.8 haha!
Leaf area index for 50% of the simulation period LAl50y 103 haha™!
Leaf area index for 75% of the simulation period LAl754 12.0 haha!
Leaf area index at the final of simulation LALo0x 7.7 haha!
Crop coefficient K. 1.1 -
Interception coefficient of Von Hoyningen-Hune and Braden a 0.025 -
Rooting depth during the experimental period Ry 1.00 m
Relative root density in soil surface (RR; =0) Ryo 1.00 m
Relative root density for RR; = 0.6 Ryos 1.00 m
Relative root density at RR;=1.0 Ry10 0 m
Critical pressure heads for root extraction hy -1 cm

hy -25 cm

hsp, -500 cm

h31 —-800 cm

hy —15,000 cm

Note: RRy, relative root depth.
a “_" refers to non-dimensional parameter.

data compiled by De Jong van Lier et al. (2009), values of A com-
monly vary between 6 and —6, whereas values of 0.5 or 0 are more
often used. Therefore, several values of A were used in the sen-
sitivity analysis to show the influence of this parameter in our
simulations. An average Ks-value (from Table 1) representative of
the 1 m soil layer was used in the simulations.

The SWAP simple crop module requires information of the leaf
area index, crop factor, maximum rooting depth as a function of the
development stage, as well as the light extinction coefficient and
the critical pressure head values of the Feddes et al. (1978) distri-
bution. The model is recommended for annual crops with short
growing cycles, up to one year maximum. Nonetheless, a small
number of studies applied SWAP to perennial plants, including
wine grapes (Ben-Asher et al., 2006; Rallo et al., 2012) and citrus
(Martinez-Ferri et al., 2013). Because not all the data needed about
the coffee plant was available in the database of Bruno et al. (2011)
and Bortolotto et al. (2012), the simple crop module was our choice
to represent the coffee plantation.

Coffee leaf area index (LAI) was estimated from leaf dry matter
(available in Bruno et al., 2011), the measured specific leaf area, SLA
(18 m? kg~1), per plant soil cover, SCA (1.9 m?2). A variety of coffee
leaf sizes was collected from the same experimental plants in 2013
to determine the average SLA. The obtained values of LAI for differ-
ent stages (LAlg, LAlsqy, LAl759 and LAlgg%) along the experimental
cycle are shown in Table 3.

For the characterization of the coffee crop in SWAP, we assumed
a constant crop coefficient K. for the entire year, equal to 1.1 (Allen
etal., 1998). The coffee rooting depth Ry, as measured by Bortolotto
et al. (2012) and Bruno et al. (2011), reaches the maximum depth
of 1 m and was considered constant during the experimental year.
Additional information about the root density (Ry) distribution
along the soil profile was obtained for the crop based on visual
observations of Bruno et al. (2011). Four times during the experi-
mental year they collected an entire plant and measured dry matter
of leaves, branches, and roots, as well as root depth and distri-
bution in the soil profile. According to these authors, the relative
root density is abundant from the surface down to the 0.6 m depth,
decreasing linearly from there until zero at 1 m.

The coefficient kg is the product of the extinction diffuse light
coefficient for visible light (k4) and the extinction coefficient for
direct visible light (kg;-). The parameter kg was analyzed using
values between 0.2 and 2.2 (Kroes et al., 2008) in the analysis of
sensitivity. Measurements of the extinction coefficient of coffee
are rare in the literature. Field measurements with a five-year old
coffee plantation of the Sdo Paulo region showed an extinction coef-
ficient of 0.53 for an average LAl equal to 3.8 (Angelocci et al., 2008).
The interception coefficient of Von Hoyningen-Hune and Braden
(a) was selected for the present study from Kroes et al. (2008), for
ordinary crops.

The information regarding the limiting pressure head for soil
water extraction by plant roots is described in the SWAP crop file.
Between hy and h, water extraction by roots is assumed to increase
linearly towards low values of h. The optimal root water uptake
occurs between h, and hs;, (at high potential transpiration) or hs
(atlow potential transpiration). The wilting point was selected to be
h4 =-15,000 cm. The values hs are those recommended for decid-
uous fruit plants shown in Taylor and Ashcroft (1972), which is the
kind of plant that better adjusts to the characteristics of the coffee
crops. The parameter values established in the soil and crop files
for SWAP simulations in this study (Table 3) were called standard
values.

2.5. Model evaluation

In the analysis of sensitivity regarding the standard values of
the parameters presented in Table 3, the Root Mean Square Error
(RMSE) (Smith et al., 1997) was used and calculated using Eq. (5).
SWAP Q; simulations obtained with those standard values were
compared with SWAP Q;’ simulations obtained when varying one
of them and maintaining all other constant. The lower the value
of RMSE, the smaller the sensitivity of the model to the varied
parameter.
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SWAP simulations were also compared to Bortolotto’s CWBs,
using the following equation:

(5a)

where B; are monthly values of Q or ET, from Bortolotto etal.(2012),
F; the corresponding SWAP forecasted values, and k the number of
observations. In this case, the lower the value of RMSE, the closer
the proximity of the predicted F; values to the B; values.

In order to estimate Q and ET, errors for SWAP simulations,
meteorological data were generated advancing and retarding the
variables one and two days in relation to the real meteorologi-
cal data presented in Fig. 2. This approach resulted in five sets of
monthly values of Q and ET, for which the averages and standards
deviation were obtained, showed by bars in Fig. 6.

2.6. Parameter sensitivity

The sensitivity of the SWAP model in relation to the crop (K¢,
LAL, Kgif, Kgir, Rg, h3n and hs;) and hydrological soil parameters
(Bs, Or, n, o and A) was performed before and after establishing
the standard values (Table 3) of the parameters for the simula-
tion. Before the establishment of standard values a visual analysis
was carried out by trial and error to detect the most sensitive
plant and soil parameters. Afterward, a second analysis of sensi-
tivity for soil parameters was made using several combinations of
VG parameters. RMSE values were obtained replacing the standard
combination of parameters by upper (6s*, 6;*, n*, ) and lower
(65—, 6r—,n~, @) values, according to Table 2. Each parameter was
substituted once and the simulation with SWAP was performed. In
the case of crop parameters, they were changed by 10% and 50% of
the standard combination (Table 3) to obtain RMSE values.

2.7. Irrigation scenarios and water productivity

Different scenarios of irrigation were analyzed with the model,
aiming to determine more efficient water managements in rela-
tion to deep drainage losses and water use efficiency at the farm
under study. The irrigation scenarios were classified according to
irrigation frequencies (IF), choosing intervals of 3 (IF3), 5 (IF5), 10
(IF10) and 15 (IF;5) days between applications. For each IF;, the
amount of water applied was obtained based on the net irrigation
depth (ID) between 1 and 50 mm (discounting P from I within each
period), and when precipitation was higher than or equal to ID,
irrigation was not applied. The scenarios with no irrigation and
farmer irrigation management (IFg,mer) Were also evaluated, total-
izing 34 setups (Table 4). The criterion for the irrigation scenarios
was that I should not be too low (i.e. <40 mm) or too high (i.e.
>900 mm) during the year, ensuring the comparison between the
scenarios for the several IF.

For each irrigation scenario, the water productivity WPp.p
(kg m—3), which relates crop yield to water use, and the actual yield
Y, (tha=1), were calculated by Eqgs. (6) and (7), respectively, for the
interpretation of the effects of the scenarios during a year of coffee
production.

T, (Y

WPyp = sz (71,;1) (6)
T,

n:ﬁn (7)

where Y, (tha-1) is the biological productivity of coffee, corre-
sponding to the dry matter yield. Y, was calculated based on the
coffee fruit productivity for 2008/2009 (3060 kgha~!y~1) and the
coffee harvest index of 0.012 (Nair, 1993).

Table 4

Scenarios of irrigation generated for SWAP application.
Irrigation depth (mm) I(mmy~!)

IF3 IFs IF1o IF;5

1 83 46 -2 -
3 251 137 56 -
5 421 228 94 55
8 688 365 151 89
11 900 511 209 122
14 - 668 269 155
17 - 826 329 189
20 - - 389 222
25 - - 490 278
30 - - 595 394
40 - - 823 460
50 - - - 594

Note: IFs, irrigation (I) applied each 3 days; IFs, irrigation applied each 5 days; IF;o,
irrigation applied each 10 days; IF;s, irrigation applied each 15 days.
a “_" represents not evaluated scenarios.

As water is available in large quantities from rainfall and
irrigation during the entire year, water stress conditions were not
expected to take place. Coffee fruit productivity used here is the
potential one. Calculated WP is a relative number because it is
affected only by the irrigation scenarios and meteorological data.
The WP relation is a new way to characterize water productivity,
and it is described in details by Vazifedoust et al. (2008).

3. Results and discussion

An application of the SWAP model is presented for a peren-
nial crop during one experimental year. SWAP input parameters
and their influence on the simulations of the components of the
water balance Q and ET, were evaluated. For plant characterization,
experimental data and information from studies found in the litera-
ture were used, and a simple coffee plant model was established for
one year in 2008/2009. Water balances simulated by SWAP were
then compared to a study developed in the same savanna area. After
the model calibration, scenarios of irrigation were appraised look-
ing for the best management that would benefit water and coffee
productivity when compared to the farmer’s actual practices.

Table 5

Sensitivity of the SWAP model for deep drainage Q prediction evaluated through
the root mean square error (Q-RMSE), in relation to variations of the van Genuchten
and Mualem parameters, for chosen values of pore connectivity.

A Q-RMSE (mm)
STD®  n- n* o o 0~ O 0~ 6
6 13.1 159 12 13 131 147 119 119 149
5 116 146 105 114 117 133 103 103 135
3 75 111 69 71 79 96 61 61 99
1 16 65 38 16 23 46 25 25 48
05 0 53 42 11 12 33 37 38 35
0 15 27 53 19 19 27 42 42 29
-1 5.7 27 101 63 49 57 68 68 58
-3 295 10 - 405 25 305 285 285 306
-6 - - - - - - - - -

Note: A, pore connectivity parameter of Mualem (1976); n~ and «~, shape param-
eter values of the lower limit of 5% interval; n* and «* shape parameter values of
the upper limit of 5% interval; s~ and 6;*, lower and upper values of saturated vol-
umetric soil water content of the 5% interval; 6,~ and 6,*, lower and upper values
of residual volumetric soil water content of the 5% interval.

2 Non-convergence of Richard’s equation in SWAP.

b STD, standard values of van Genuchten parameters.
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Fig. 3. Daily values of soil water pressure head h (cm) of the soil profile predicted
by SWAP at depths 0.5 to 95 cm, (a) from July 31st to December 31st, 2008 and (b)
from January 1st to July 31st, 2009.

3.1. Sensitivity analysis and model calibration

Table 5 shows results of the RMSE for the estimations of Q for the
several values of A and combinations of VG parameters. Soil hydro-
logical parameters assumed either the upper or lower value of a
given VG parameter, delimiting the 95% confidence interval. When
one parameter had its value changed from the standard value, the
others remained in the standard combination. It can be observed
that the RMSE in relation to Q estimation is more sensitive to vari-
ations in A. In this analysis, we varied A between 6 and —6, but
for values of A equal to —6 and one value for —3 the simulations
with SWAP resulted in the non-convergence of Richards’ equation.
Changes in VG parameters only affect the simulations of RMSE for Q
slightly, and the shape parameter n had the greatest influence. The
RMSE-value equal to zero corresponds to the standard combination
of VG and Mualem parameters (Table 3).

We also studied the influence of Ks on model results of the water
balance. For the component Q, the RMSE did not show great differ-
ences when K; varies from 26 to 455 cmd-1.

The component Q is highly affected by Mualem’s A as it can be
seen in Table 5 for all VG parameters. The effect that the pore con-
nectivity produces on the results of water balance components may
be clarified by the behavior of the hydraulic conductivity function
for different values of A, shown in Fig. 4. Almost all the h-values
occurring during the experimental year remain in the range —60 to
—15,000 cm, where the K function can take several shapes depend-
ing on A. It is important to emphasize that an appropriate value of
A for the sandy soil should be determined to obtain a more precise
evaluation of the soil-plant system under study. Similar results of A

1000 1
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Fig. 4. Hydraulic conductivity K (cmd=') versus soil water pressure head h (cm) for
different values of the pore connectivity parameter A.

Table 6

Sensitivity of the SWAP model for deep drainage Q prediction evaluated through the
root mean square error (Q-RMSE), in relation to variations in 10% and 50% of plant
standard parameters.

Plant parameters Q-RMSE (mm)

50% 10% STD® -10% -50%
Kair 0.003 0 0 0.004 0.08
Kair 0.003 0.003 0 0.004 0.08
Ry 1.90 1.00 0 0.80 1.50
K. 33.00 13.00 0 7.00 43.00
a 0.10 0.04 0 0.04 0.11
LAI -4 - 0 0.027 0.135

Note: Kgyr, extinction coefficient for diffuse light; Ky, extinction coefficient for direct
light; R4, rooting length; K., crop factor; a, interception coefficient of Von Hoyningen-
Hune and Braden; LAI, leaf area index.

2 Not evaluated.

b Standard values of van Genuchten parameters.

effects on the hydraulic conductivity function can be found in Sakai
et al. (2009)

SWAP results in Fig. 3 show that the soil pressure head val-
ues between —1 and —25cm are not reached in this study, and
therefore h; does not affect the simulated results. Pressure head
h remains in the range of —100 and —15,000 during the dry period
and the range of —60 and —1000cm during the rest of the year
(wet period). In relation to soil evaporation, no difference was
found in the annual result when applying the procedures of Black
et al. (1969) or Boesten and Stroosnijder (1986). The explanation
may be the fact that the soil evaporation simulated with SWAP is
almost insignificant (lower than 1mmy~!), and consequently no
effect would be expected to happen when changing the method of
calculation.

Table 6 shows the results of SWAP sensitivity analysis in relation
to selected plant input parameters. As shown the results of Q-RMSE
in this study, variations in the coffee light extinction coefficients
(kair and kgjr), Rg, a and LAl in the SWAP crop file did not affect
Q-values significantly. The parameters kg and kg are used in
the calculation of soil evaporation, which in the conditions of the
present study were very low, explaining the low influence of these
parameters on the WB values. The LAI values estimated from leaf
dry matter data were relatively high (Table 3) as compared to lit-
erature values, however they can be acceptable when comparing
to measurements performed in 2-4 years old coffee plants in the
literature (Gutiérrez and Meinzer, 1994). The analysis of sensitiv-
ity of LAl was not possible for +10% and +50% of the standard value
because the results were higher than the maximum value allowable
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Fig.5. Linearregression between Bortolotto et al. (2012) data and predicted (SWAP)
monthly values of (a) drainage Q (mm) and (b) actual evapotranspiration ET, (mm).

by SWAP. The critical soil water pressure head parameters were
also evaluated in the sensitivity analysis and did almost not influ-
ence Q simulations with SWAP. The parameter K. effected SWAP
simulations for Q considerably, as Q-RMSE variations related to
changes in this parameter were high.

3.2. Model comparison

The comparison between SWAP predictions and Bortolotto’s
values of Q and ET, is shown in Figs. 5 and 6. In this study, no
actual measurements of ET, and Q were available, so that we relied
on the quality of this comparison. As it can be appreciated, the
results of Q satisfactorily agreed with calculations of Bortolotto
etal.(2012) presenting a linear relationship with R =0.77 (Fig. 5a).
Fig. 5a shows specific months, those with the highest Q found
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Fig. 6. Bortolotto et al. (2012) data and predicted (SWAP) monthly values of (a)
drainage Q (mm) and (b) actual evapotranspiration ET, (mm).

during the year, responsible for the deviation of the tendency line.
On the other hand, most of the results follow the 1:1 line. The
resulted RMSE for Q is around 43 mm, possibly a response to the
predicted values in November and December of 2008, and March
and April of 2009 (Fig. 6). On these dates, a similar behavior of SWAP
predictions for Q in relation to results of Bortolotto et al. (2012) can
be observed: the first month (November or March) had Q underes-
timated and the next month (December or April) overestimated by
SWAP. In the course of simulations, the water saved in one month
is delivered to the next two months, the behavior of Q becoming
closer to the 1:1 line in the third month of the sequence (Figs. 5a
and 6a). This behavior of retaining and distributing water during
the following months is confirmed when comparing the ET, curves
simulated in SWAP with those obtained by Bortolotto et al. (2012).
These curves had similar results. Considering that there are only
two ways to lose the water from this system (by evapotranspiration
and drainage), the water transported by drainage Q in the simula-
tions with SWAP is just distributed differently from Bortolotto’s
during the year.

During the dry period of the experimental year, from July to
November of 2008 (Fig. 3a), soil pressure head at depths 65, 75, 85
and 95 cm assumed values equal to or very close to —15,000 cm.
However, h did not remain at these low values for a long time,
a maximum of 23 days for the 85cm depth in September and
12 days for the 65 cm depth in October. The behavior of h in the
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Table 7
Components of the annual water balance simulated by SWAP and calculated by CWB
of Bortolotto et al. (2012).

Water balance components (mm) SWAP CWB
P 1535 1535
1 697 697
P; 18 -
ET, 119446 1270
RO 0 -
Q 1019+6 1010

Note: CWB, climatologic water balance; P, precipitation; I, irrigation; P;, canopy
interception; ET,, actual evapotranspiration; RO, run-off; Q, bottom flux.
2 Not available.

65-95 cm soil layer during the dry period can initially (from August
to September) be understood by the infiltration of water from
irrigation and later due to the rain events of September (P=31 mm
in four days) and the beginning of November (P=90.5 mm in two
days). Irrigation water did not reach layers deeper than 95 cm dur-
ing August and most of September, since h in this region decreases
almost linearly and stabilizes at —15,000 cm, increasing only due to
the large rain event in late September. The rain events of November
make the pressure head increase and become almost uniform along
the soil profile. The simulated Q is, therefore, nearly zero from
August to October of 2008 (Fig. 6a), confirming that there is no
drainage due to irrigation during the dry period of the year. The
water delivered by irrigation and rainfall during the dry period is
retained in the 1 m of the soil profile and is kept available to plants
or deep drainage in the wet period.

The results of ET, showed to be well in agreement to the observa-
tions of Bortolotto et al. (2012) since the linear regression between
them was obtained with R? =0.9. However, the model tended to
underestimate the results since most of the points remain under
the calculated values in Fig. 5b. SWAP takes into consideration plant
characteristics as already mentioned for the estimation of E; and Tj.
Since the ET, calculation in Bortolotto et al. (2012) is based only on
the K. for coffee, we should not expect an exact agreement between
Bortolotto’s data and SWAP simulations. Nonetheless, the RMSE for
monthly ET; was around 11 mm.

The uncertainties of SWAP modeling for Q and ET, due to the
meteorological input data are shown in Fig. 6a and b (see Section
2.5).Based on the results of Fig. 6a, we verified that Q is highly influ-
enced by the meteorological values and that it can vary more in the
wet months. During the dry period of the year the uncertainties are
smaller, which lead to the conclusion that Q is mainly governed by
the precipitation. Differently from these results, Fig. 6b shows that
ET, did not appear to be affected by the employed meteorological
scenarios since the error bar for each month is too small.

Table 7 presents the components of the annual water balance
obtained by SWAP and the estimated results of Bortolotto et al.
(2012). Even with the monthly differences shown in Fig. 6, the
annual results of the components Q and ET, ended up very close. As
shown by the simulations of SWAP, only a small portion of the water
entering the system during the year is converted into P;. However,
this component is much higher than the annual E, that was 0.6 mm.
These results could be consequences of the high density of leaves
in the plantation since the coffee plants are at full maturity. Con-
clusively, all the water assigned as ET, in Table 7 represents plant
transpiration. However, for annual values of ET, and Q there is little
difference by changing the dates of the meteorological data posi-
tion (Section 2.5) as the errors found in the predictions are very low
compared to their means.

The proximity between our predictions of the water balance
components by SWAP for this savanna soil with coffee and the
estimative of Bortolotto et al. (2012) indicates that SWAP can be
used to simulate more environment friendly fertilizer and water
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Fig. 7. (a) Annual drainage due to irrigation only Q4 (mm) and (b) annual plant
transpiration T, (mm) for different irrigation frequencies (IF) as a function of the
amount of water applied I (mm) throughout the experimental year.

management systems. Being a more robust and versatile model
than the CWB, SWAP could be used with advantage for a variety of
soil physical conditions, crop architectures and climates. Another
advantage over the CWB is that SWAP admits, for example, to be
tested for soil water flow processes considering hysteresis, and for
a variety of surface and bottom boundary conditions. SWAP gives
also detailed spatial distribution data of soil water flow, soil water
content, or pressure head in the soil profile, and all these output
results can be obtained promptly.

3.3. Scenarios of irrigation

In order to generate new information on water management for
coffee cultivation in the west of the state of Bahia, several scenar-
ios of irrigation were simulated with SWAP (Figs. 7 and 8). With
this information we planned to demonstrate the influence of I on
Q, and also to analyze different possibilities of management, in con-
traposition to the choice of the farmer. Usually irrigation water is
applied in several volumes distributed during the year by the farm-
ers, and this routine is necessary because they fertigate the crop
year round. Alternatively, this information would also serve to lead
farmers to adopt more sustainable practices of water management
in this agricultural region.

SWAP simulation with no irrigation yielded the value of Qgp,
the drainage only due to rainfall (833.4 mm), which is very high,
showing that rainfall is the main factor responsible for Q in the
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annual balance. This value was subtracted from the total Q to obtain
Qg, the drainage due to irrigation only. For all simulations of Fig. 7a
we present Qg maintaining the actual rainfall (2008/2009).

Each of the four curves in Fig. 7a was fitted to a 2nd order poly-
nomial model to appreciate their behavior better. Results indicate
that Qg values tend to be lower when the frequency of irrigation is
high (IF3), which can be verified comparing the results for a fixed
I. As an example, for 400 mm, the values of Qg from the respec-
tive regression curves are 24 mm for IF;5, 63 mm for IF;o, 109 mm
for IF5, and 129 mm for IFs. In this case, Qg increases 39 mm from
IFq5 to IFg, 46 mm from IF; to IF5, and 20 mm from IFs to IF3,
showing that there is a considerable rise in Q4 when reducing the
irrigation frequency. Taking the amount of water applied by farm-
ers (I=697 mm), the correspondent Qg is 134 mm (IF;5), 205 mm
(IF10), 248 mm (IFs5), and 282 (IF3). As it can be observed, farmer’s
irrigation management (IFgqmer) practically encloses the IF;g curve.
The IF; and IF; 5 scenarios are characterized by having several days
between applications of water and consequently in these scenarios
there is no irrigation during the wet period of the year.

Plant response to irrigation scenarios is presented in Fig. 7b.
For fixed values of I, T, increases as the frequency of irrigation (IF)
decreases. Larger intervals of irrigation might induce a drier micro-
climate in the canopy, therefore, increasing T,. Both results of T,
and Q show that there is less loss of water by drainage (more loss
by transpiration) when the irrigation is applied with greater time
intervals. For all the scenarios there is a tendency of Qg and T, to
increase with the amount of water used yearly by the irrigation.
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Fig. 9. Daily values of actual transpiration T, (mm) and soil water pressure head h
(cm) predicted by SWAP during the year at soil depths of 0.5, 18, 48, 75 and 95 cm,
for the irrigation scenario I equal to 460.5 mm and IF of 15 days.

The effect of irrigation scenarios on the soil-plant system is
interpreted in a different perspective when looking at water pro-
ductivity (WP) outcomes. These results show that there is a limit
for the amount of water used during the year, which is confirmed
by the peak values in each curve of Fig. 8a. For the same amount
of irrigation, the difference between WP for the several IF-curves
in Fig. 8a does not pass 1.12kgm~3 (1.12 kg of dry matter per ha,
per mm of water). This relative low influence of I on the results of
WPp,; can be attributed to the dominant rainfall in this coffee cul-
tivation region. In any case, when analyzing the efficiency of the
irrigation scenarios, not only WP should be considered, but also the
respective Q.

The maximum values of WP.p obtained from the regression
curves in Fig. 8a occurred when I was between 530 and 630 mm.
When water was applied in intervals of 15 days (IF;5) during the
year, the WP had the highest values. The best management practice,
however, would bring benefits not just to water conservation, but
also to coffee productivity. From Fig. 8b, it can be noted that the
actual coffee yield Y, increases according to I increments. Any
irrigation scenario with I between 650 and 750 mm and water
application intervals of 15 days (IF;5) (Table 8), would result in
higher Y, values and also of WP in relation to the farmer’s manage-
ment scenario (IFrgrmer)- The scenario IFg,rmer resulted in Y, equal to
238tha~! and WPp equal to 10.70kgm~3 (10.70kgha~! mm~1),
which is not so different from the most efficient irrigation manage-
ment (WPy,p that is around 11.06 kgm~3, Fig. 8a). In comparison,
when I is extrapolated to 700 mm, with IF;5, Y, would result in
248 tha~!, WP;,pin 10.90 kg m~3, and the corresponding Q; reduced
by 49 mm in comparison to the farmer’s irrigation scenario. Consid-
ering that the time scale of coffee cultivation can reach up to 18
years, a yearly reduction of Qg and the increase of Y, presented
above, although relatively small, would greatly benefit water con-
servation and groundwater pollution, as well as coffee productivity.

It should be mentioned that a low-frequency irrigation scenario
could lead to a too dry soil condition in some periods of the year,
considering that the annual rainfall distribution in the area defines
wet and dry periods. Evaluating the h-values in the soil profile for
the scenario IF;s (I=460.5 mm), as an example, it can be verified
that soil water depletion from depths 48 to 95 cm (Fig. 9) occurs
during the months of September and October. When analyzing
monthly data, these low values of h apparently have a potential
effect on plant transpiration. From SWAP simulation outcomes,
plant transpiration in September is T, =107 mm (T, = 145 mm) and
in October is To=85mm (Tp =197 mm). Daily h-values in this soil
layer reveal that the soil remains close to wilting conditions for
about 45 days and T, tends to decrease and reaches almost zero
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Table 8
Values of water productivity (WP), plant productivity (Ys), and bottom flux due to irrigation (Qg) for selected scenarios of irrigation (I) obtained from SWAP simulations.

I(mmy-1) WP (kgm~3) Yq (tha ') Qg (mm) AQqy* (mm)

IF5 IFyo IF5 IF1o IF15 IF10 IFrarmer — IF15 IFrarmer — IF10

600 11.05 10.72 238 228 88 149 96 36

650 10.99 10.69 243 233 111 176 74 8

700 10.90 10.64 248 237 136 207 49 -22

750 10.78 10.56 253 241 163 240 22 -55

800 10.61 10.45 257 244 193 275 -8 -90

Note: IF;s and IF;o, scenarios of irrigation with water application each 15 and 10 days, respectively; IFgsmer, farmers’ scenario of irrigation; AQy, difference between bottom

flux due to irrigation only, using values obtained from IFggmer (Qg = 185 mm), IF;5 and IF;o scenarios.
2 Negative values mean that bottom flux due to irrigation IFgsrmer is lower than the amount in the considered scenario.

three times. An excessive depletion of the available water can
convey irreversible consequences in coffee productivity and devel-
opment, and this situation could occur for the scenarios with low
amounts of water applied in the IF;5 or IF;g choices. On the other
hand, the coffee plant stress by a lack of water during a certain
period of the year could bring benefits for production, as presented
in the technical report of Guerra et al. (2005).

We analyzed a year in which rainfall was considerably high
(1535 mm), and this is an important detail to be considered for a
complete search of the best management practice. As cited before,
rainfall averages range from 800 to 1800 mm and, therefore, in
a dry year, the results of the irrigation scenarios could be driven
to distinct results of water use efficiency. The stochastic employ-
ment of meteorological data or exclusively of the rainfall applied
in SWAP would be highly recommended for a complete evaluation
of the behavior of the irrigation scenarios and also for the analy-
sis of climate effects. Bennett et al. (2013) introduced a stochastic
approach with SWAP to quantify time and space uncertainties in
deep drainage due to rainfall, land management and soil hydraulic
properties in Australia. Rainfall was found to be the most impor-
tant factor and a source of uncertainty to be considered for the
drainage predictions, and precise rainfall data is required in such
kind of study. Another point to be concerned with is that the stud-
ied coffee plants were fully mature, and these predictions should
be re-evaluated for young coffee crops.

This application of SWAP tried to find the best adjustment of the
model to a perennial crop and showed ways of using it to evaluate
the possibility for improvements in irrigation management. Some
concerns exist nevertheless in respect to our evaluations, since the
outcomes are restricted to the one-year of available experimental
data, and a proper validation of model simulations was not possible.
It should be taken into consideration that our conclusions from the
presented evaluations and scenarios with SWAP are subject to such
limitations.

4. Conclusions

This study showed the potential of the SWAP model for studying
aperennial crop in a savanna ecosystem in Brazil and for generating
irrigation scenarios. SWAP’s most sensitive input parameters were
determined experimentally and other less sensitive were obtained
from the literature to establish the calibration. Model simulations
for monthly drainage when compared to the climatological water
balance CWB data generated a determination coefficient R% of 0.77.
The estimated annual deep drainage by SWAP was within 99% of
the value determined by the climatologic water balance. Therefore,
we assumed that SWAP is already a validated model that has been
widely tested and proven to be efficient in different parts of the
world. For that reason we could predict scenarios of irrigation for
our region of coffee cultivation.

Irrigation scenarios simulated with SWAP for the experimental
year showed to be efficient in water use and coffee productivity

when longer intervals of irrigation were used. According to this
analysis, adopting an irrigation interval of 15 days and yearly water
amount between 650 and 750 mm could be an option for better
management compared to the farmer’s scenario. The results of
water productivity, plant productivity, and deep drainage indicate
that the farmer’s management practices could be improved, mini-
mizing loss of water by drainage and at the same time increasing
coffee production. The information presented here should support
farmers to improve their water irrigation management practices
and alert them to environmental losses that might occur in these
heavily fertilized coffee plantations in western Bahia, Brazil.

Some concerns still exist, however, with respect to the per-
formed simulations: (1) there was limited experimental data for the
simulations (a one-year period); this could be improved with a new
study with information about the coffee plant and the SWAP plant
module being structured year by year; (2) the absence of model vali-
dation with proper data; (3) the deterministic approach here used
could be replaced by a new stochastic evaluation applied to mete-
orological and soil hydrological data, to solve spatial and temporal
limitations of the simulations.

Acknowledgements

This research was financed by the Sdo Paulo Research Founda-
tion (FAPESP/Grant #:2011/22320-1). We would like to thank the
Coordination for the Improvement of Higher Education Personnel
(CAPES/Grant #:8313-12-1) and the National Council for Scientific
and Technological Development (CNPq/Grant #:302261/2011-7)
for the scholarships. Herman Burema and Wesley Vieira (Fazenda
Morena) for field support.

References

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration: guide-
lines for computing crop water requirements. In: FAO Irrigation and Drainage
Paper 56. FAO, Rome, 300 p.

Angelocci, L.R., Marin, F.R,, Pilau, F.G., Righi, E.Z., Favarin, J.L., 2008. Radiation balance
of coffee hedgerows. Rev. Bras. Eng. Agric. Ambiental 12, 274-281.

Ben-Asher, J., van Dam, ]., Feddes, R.A., Jhorar, R.K., 2006. Irrigation of grapevines
with saline water II. Mathematical simulation of vine growth and yield. Agric.
Water Manage. 83, 22-29.

Bennett, S.J., Bishop, T.F.A., Vervoort, W., 2013. Using SWAP to quantify space and
time related uncertainty in deep drainage model estimates: a case study from
northern NSW, Australia. Agric. Water Manage. 130, 142-153.

Black, T.A., Gardner, W.R., Thurtell, G.W., 1969. The prediction of evaporation,
drainage and soil water storage for a bare soil. Soil Sci. Soc. Am. Proc. 33, 655-660.

Boesten,].J.T.L, Stroosnijder, L., 1986. Simple model for daily evaporation from fallow
tilled soil under spring conditions in a temperate climate. Neth, J. Agric. Sci. 34,
75-90.

Bortolotto, R.P., Bruno, I.P., Dourado-Neto, D., Timm, L.C,, Silva, A.N., Reichardt, K.,
2011. Soil profile internal drainage for a central pivot fertifated coffee crop. Rev.
Ceres 58, 723-728.

Bortolotto, R.P., Bruno, L.P., Reichardt, K., Timm, L.C., Amado, T.J.C., Ferreira, A.O.,
2012. Nitrogen fertilizer (">N) leaching in a central pivot fertigated coffee crop.
Rev. Ceres 59, 427-432.

Bruno, LP., Unkovich, M.J., Bortolotto, R.P., Bacchi, 0.0.S., Dourado-Neto, D.,
Reichardt, K., 2011. Fertilizer nitrogen in fertigated coffee crop: Absorption
changes in plant compartments over time. Field Crops Res. 124, 369-377.


http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0005
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0010
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0015
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0020
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0025
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0030
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0035
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0040
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0045

140 V.M. Pinto et al. / Agricultural Water Management 148 (2015) 130-140

Chirico, G.B., Borga, M., Tarolli, P., Rigon, R, Preti, F., 2013. Role of vegetation on
slope stability under transient unsaturated conditions. Proced. Environ. Sci. 19,
932-941.

Crescimanno, G., Morga, F., Ventrell, D., 2012. Application of the SWAP model to
predict impact of climate change on soil water balance in a Sicilian vineyard.
Ital. J. Agron. 7, 116-123.

De Jong van Lier, Q., Dourado-Neto, D., Metselaar, K., 2009. Modeling of transpiration
reduction in van Genuchten-Mualem type soils. Water Resour. Res. 45, 1-9.
Durigon, A., Santos, M.A., De Jong van Lier, Q., Metselaar, K., 2012. Pressure heads
and simulated water uptake patterns for a severely stressed bean crop. Vadose

Zone J. 11, http://dx.doi.org/10.2136/vzj2011.0187.

Eitzinger,]., Trnka, M., Hosch, ., Zalud, Z., Dubrovsky, M., 2004. Comparison of CERES,
WOFOST and SWAP models in simulating soil water content during growing
season under different soil condition. Ecol. Model. 17, 223-246.

Feddes, R.A., Kowalik, P.J., Zaradny, H., 1978. Simulation of Field Water Use and Crop
Yield. In: Simulation Monographs. Pudoc, Wageningen, pp. 189.

Guerra, A.F., Rocha, 0.C., Rodrigues, G.C., Sanzonowicz, C., Sampaio, J.B.R,, Silva, H.C.,
Aratjo, M.C., 2005. Irrigation coffee in the cerrado: water management strategy
for uniform blossoming. In: Technical Report 122. Planaltina, Distrito Federal (In
Portuguese, with English abstract).

Gutiérrez, M.V., Meinzer, F.C., 1994. Estimating water use and irrigation require-
ments of coffee in Hawaii. J. Am. Soc. Hortic. Sci. 119, 652-657.

Ines, A.V.M,, Honda, K., Gupta, A.D., Droogers, P., Clemente, R.S., 2006. Combin-
ing remote sensing-simulation modeling and genetic algorithm optimization
to explore water management options in irrigated agriculture. Agric. Water
Manage. 83, 221-232.

Kamble, B., Irmak, A., Hubbard, K., Gowda, P., 2013. Irrigation scheduling using
remote sensing data assimilation approach. Adv. Remote Sens. 2, 258-268.
Kroes, ].G., van Dam, ].C., Groenendijk, P., Hendrikx, R.F.A., Jacobs, C.M.]., 2008. SWAP
version 3.2. Theory description and user manual. In: Alterra Report1649. Alterra,

Wageningen, 262p.

Lima, J.E.F.W.,, 2011. Situation and perspectives on the waters of the Cerrado. Ciénc.
Cult. 63, 27-29.

Ma, Y., Feng, S., Huo, Z., Song, X., 2011. Application of the SWAP model to simulate
the field water cycle under deficit irrigation in Beijing, China. Math. Comput.
Modell. 54, 1044-1052.

Martinez-Ferri, E., Muriel-Férnandez, ].L., Rodriguez Diaz, ].A., 2013. Soil water bal-
ance modelling using SWAP: an application for irrigation water management
and climate change adaptation in citrus. Outlook Agric. 42, 93-102.

Mishra, A., Siderius, C., Aberson, K., van der Ploeg, M., Froebrich, J., 2013. Short-term
rainfall forecasts as a soft adaptation to climate change in irrigation management
in North-East India. Agric. Water Manage. 127, 97-106.

Monteith, J.L., 1965. Evaporation and environment. In: Fogg, G.E. (Ed.), The State
and Movement of Water in Living Organisms. Cambridge University Press,
Cambridge, pp. 205-234.

Monteith, J.L., 1981. Evaporation and surface temperature. Q. J. R. Soc. 107, 1-27.

Mualem, Y., 1976. A new model for predicting the hydraulic conductivity of unsat-
urated porous media. Water Resour. Res. 12, 513-522.

Nair, P.K.R., 1993. An Introduction to Agroforestry. Kluwer Academic Publishers,
Dordrecht, pp. 520.

Noory, H., van der Zee, S.E.AT.M,, Liaghat, A.M., Parsinejad, M., van Dam, ].C., 2011.
Distributed agro-hydrological modeling with SWAP to improve water and salt
management of the Voshmgir Irrigation and Drainage Network in Northern Iran.
Agric. Water Manage. 98, 1062-1070.

Pereira, A.R.,, Angelocci, L.R., Sentelhas, P.C., 2002. Agrometeorology: Fundamentals
and Practical Applications. Agropecuaria, Guaiba, pp. 478.

Pereira, A.R., Camargo, A.P., Camargo, M.B.P., 2008. Agrometeorology of Coffee Crops
in Brazil. Instituto Agrondmico, Campinas, pp. 127.

Pinheiro, A., Graciano, R.L.G., Kaufmann, V., 2013. Simulating effects of climate sce-
narios on hydrological processes in southern Brazil using a lysimeter. Int. J.
Climatol. 33, 2206-2214.

Rallo, G., Agnese, C., Minacapilli, M., Provenzano, G., 2012. Comparison of SWAP and
FAO Agro-Hydrological Models to schedule irrigation of wine grapes. J. Irrig.
Drain Eng. 138, 581-591.

Reynolds, W.D., Elrick, D.E., Young, E.G., Amoozegar, A., Booltink, H.W.G., Bouma,
J., 2002. Water retention and storage: saturated and field-saturated water flow
parameters. In: Dane, J.H., Topp, G.C. (Eds.), Methods of Soil Analysis, Part 4,
Physical Methods. SSSA Book Series N.5, Madison, WI, USA, pp. 797-878.

Rolim, G.S., Sentelhas, P.C., Barbieri, V., 1998. Spreadsheets in EXCEL™ environment
to calculation of water balance: normal, sequential, culture, and potential, real
productivity. Rev. Bras. Agrometeorol. 6, 133-137.

Sakai, M., Toride, N., Simunek, J., 2009. Water and vapor movement with condensa-
tion and evaporation in a sandy column. Soil Sci. Soc. Am. J. 73, 707-717.

Santinato, R., Fernandes, A.L.T., Fernandes, D.R., 1996. Irrigation of the Coffee Crop.
Arbore Agricola e Comércio, Campinas, pp. 146.

Scorza Junior, R.P.S,, Silva, ].P., Rigitano, R.L.0., 2010. Simulation of moisture profiles
in a latossol in Dourados region in the state of Mato Grosso do Sul, Brazil. Eng.
Agric. 30, 22-32.

Singh, U.K,,Ren, L., Kang, S.,2010. Simulation of soil water in space and time using an
agro-hydrological model and remote sensing techniques. Agric. Water Manage.
97,1210-1220.

Smith, P., Smith, J.U., Powlson, D.S., McGill, W.B., Arah, J.R. M., Chertov, O.G., Coleman,
K., Franko, U., Frolking, S., Jenkinson, D.S., Jensen, L.S., Kelly, R.H., Klein-
Gunnewiek, H., Komarov, A.S., Li, C., Molina, J.A.E., Mueller, T., Parton, W.J.,
Thornley, ].H.M., Whitmore, A.P., 1997. A comparison of the performance of nine
soil organic matter models using datasets from seven long-term experiments.
Geoderma 81, 153-225.

Soil Survey Staff, 2010. Keys to Soil Taxonomy, 11th ed. USDA-Natural Resources
Conservation Service, Washington.

Strauch, M., Lima, J.E.FE.W.,, Volk, M., Lorz, C., Makeschin, F., 2013. The impact of best
management practices on simulated streamflow and sediment load in a Central
Brazilian catchment. J. Environ. Manage. 127, 24-36.

Taylor, S.A., Ashcroft, G.M., 1972. Physical Edaphology. Freeman and Co., San Fran,
CA, pp. 434-435.

Thornthwaite, CW., 1948. An approach toward a rational classification of climate.
Geogr. Rev. 38, 55-94.

Utset, A., Velicia, H., del Rio, B., Morillo, R., Centeno, J.A., Martinez, ].C., 2007. Cali-
brating and validating an agrohydrological model to simulate sugarbeet water
use under mediterranean conditions. Agric. Water Manage. 94, 11-21.

van Genuchten, M.Th., 1980. A closed form equation for predicting the hydraulic
conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44, 892-898.

van Genuchten, M.Th.,, Leij, FJ., Yates, S.R., 1991. The RETC code for quantifying
the hydraulic functions of unsaturated soils. In: Version 1.0. EPA Report 600/2-
91/065. U.S. Salinity Laboratory, USDA, ARS, Riverside, CA.

van Dam, J.C., Groenendijk, P., Hendriks, R.F.A., Kroes, ].G., 2008. Advances of model-
ing water flow in variably saturated soils with SWAP. Vadose Zone J. 7, 640-653.

Vazifedoust, M., van Dam, ].C., Feddes, R.A., Feizi, M., 2008. Increasing water produc-
tivity of irrigated crops under limited water supply at field scale. Agric. Water
Manage. 95, 89-102.

Verma, A.K,, Gupta, S.K,, Isaac, RK., 2012. Use of saline water for irrigation in mon-
soon climate and deep water table regions: simulation modeling with SWAP.
Agric. Water Manage. 115, 186-193.


http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0050
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0055
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0060
dx.doi.org/10.2136/vzj2011.0187
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0070
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0075
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0080
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0085
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0090
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0095
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0100
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0105
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0110
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0115
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0120
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0125
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0130
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0135
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0140
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0145
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0150
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0150
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0150
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0150
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0150
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0150
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0150
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0150
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0150
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0155
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0160
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0165
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0170
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0175
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0180
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0185
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0190
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0195
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0200
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0205
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0210
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0215
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0220
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0225
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0230
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0235
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0240
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0245
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250
http://refhub.elsevier.com/S0378-3774(14)00320-5/sbref0250

	Deep drainage modeling for a fertigated coffee plantation in the Brazilian savanna
	1 Introduction
	2 Materials and methods
	2.1 The Soil, Water, Atmosphere and Plant model (SWAP)
	2.2 Experimental site and field experiment
	2.3 Climatologic water balance
	2.4 Parameter estimation
	2.5 Model evaluation
	2.6 Parameter sensitivity
	2.7 Irrigation scenarios and water productivity

	3 Results and discussion
	3.1 Sensitivity analysis and model calibration
	3.2 Model comparison
	3.3 Scenarios of irrigation

	4 Conclusions
	Acknowledgements
	References


