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Cover cropping in agriculture is expected to enhance many agricultural and ecosystems functions and services.
Yet, few studies are available allowing to evaluate the impact of cover cropping on the long term change of soil
hydrologic functions. We assessed the long term change of the soil hydraulic properties due to cover cropping by
means of a 10-year field experiment. We monitored continuously soil water content in non cover cropped and
cover cropped fields by means of capacitance probes. We subsequently determined the hydraulic properties by
inverting the soil hydrological model WAVE, using the time series of the 10 year monitoring data in the object
function. We observed two main impacts, each having their own time dynamics. First, we observed an initial
compaction as a result of the minimum tillage. This initial negative effect was followed by a more positive cover
crop effect. The positive cover crop effect consisted in an increase of the soil micro- and macro-porosity, im-
proving the structure. This resulted in a larger soil water retention capacity. This latter improvement was mainly
observed below 20 cm, and mostly in the soil layer between 40 and 80 cm depth. This study shows that the
expected cover crop competition for water with the main crop (evapotranspiration) can be compensated by an
improvement of the water retention in the intermediate soil layers and a reduction of drainage loses. This may
enhance the hydrologic functions of agricultural soils in arid and semiarid regions which often are constrained
by water stress.

1. Introduction in turn the field water balance (Kay and VandenBygaart, 2002). Soil
management can control these factors (Van Es et al., 1999), including
the soil root zone water availability.

Introducing conservation practices such as minimum tillage after

Water availability in the soil root zone is a critical agriculture
production factor in semiarid and arid conditions. This water avail-

ability (defined here as the difference between soil water content at
field capacity and permanent wilting point, 33 and 1500 kPa respec-
tively) is mainly determined by the field scale soil water balance and
controlled by hydraulic properties in the soil root zone. The properties
of the soil pores, such as soil pore size distribution, connectivity and
tortuosity, are directly related to several soil processes, such as soil
water infiltration, retention and drainage. Macropores (500-50 pm
equivalent diameter) are related to water and air movement, whereas
mesopores (50-5um) are related to soil water retention capacity
(Carter and Ball, 1993). Both abiotic (e.g., tillage, drying and wetting)
and biotic factors (e.g., roots, earthworms) influence the size, shape and
continuity of the soil pores that affect the soil hydraulic processes and

the long-term traditional use of mouldboard ploughing is now well
known to induce changes in soil properties (Strudley et al., 2008). In-
itially, an increase in soil bulk density may occur (Moret and Arrte,
2007; Riicknagel et al., 2016). However, in the long term, organic
matter and aggregate stability increase, soil pore size distribution
changes and, often, the soil water retention capacity increases (Strudley
et al.,, 2008). Moreover, Hargrove (1991) observed that plant cover
helped to reduce soil compaction and soil erosion under no-tillage
conditions. Cover crops (CCs) have been recognized as a successful
method for improving nutrient availability (Thorup-Kristensen et al.,
2003), controlling nitrate leaching (McCracken et al., 1994), reducing
weed infestation (Leavitt et al., 2011) or disease suppression (Abawi
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and Widmer, 2000). But CC have been also recognized for soil quality
improvement (Kuo et al., 1997) and soil erosion control (Langdale
et al., 1991; Bowman et al., 2000). Leaving the soil fallow will increase
soil erodibility and bulk density, which is critical for runoff initiation
(Cerda et al., 2009). Maintaining a CC between main summer crops,
when the majority of the yearly rainfall occurs under Mediterranean
conditions, protects soil from the impact of rainfall, reducing aggregate
slaking and disruption (i.e., crusting). Moreover, CC residues after the
termination date provide a mulch on the soil surface that may prevent
the direct loss of soil water through evaporation and hence increase soil
root zone water availability. These benefits may counteract the possible
competition for water with the main crop, which is one of the main
drawbacks of CCs application (Unger and Vigil, 1998).

During the last few years, several publications have tried to quantify
the effects of CCs on soil properties (Celette et al., 2008; Ward et al.,
2012; Gabriel et al., 2014). However, given the high complexity of the
CC-main crop-soil-weather system, those studies do not often reach the
same conclusions. Most of the publications focused on the increase in
soil organic matter and its related effect on aggregate stability and soil
structure (Peregrina et al., 2010; Garcia-Gonzalez et al., 2016; Rorick
and Kladivko, 2017). Other studies focused on soil hydraulic properties.
For example, Celette et al. (2008) measured an increase in soil water
infiltration under CC and also observed an enhancement in soil ag-
gregate stability, whereas Quemada and Cabrera (2002), Ward et al.
(2012) or Basche et al. (2016) reported an increase in soil water holding
capacity when CCs were used. However, most of these studies eluci-
dated impacts of CCs either on the soil surface or in the short term.
Thus, there is a need to study the effects of CCs on soil hydraulic
properties in the long term and along the soil profile. This effect is
critical for evaluating the sustainability of CCs in agro-ecosystems
under current and future climate conditions, even more when the
availability of water is not assured and models are predicting less
rainfall in Mediterranean regions (Kaye and Quemada, 2017).

Numerical models based on physical equations and knowledge of
the soil hydraulic properties allow the quantification of water fluxes
and water balance state variables in the soil-crop-atmosphere con-
tinuum, including water drainage (Munoz-Carpena et al., 2008).
However, complex models (simulating soil-water-plant continuum) in-
volve a large number of parameters, with the final prediction success
relying on their accurate identification and on the model’s sensitivity to
them (Simtinek et al., 1999). Inverse modelling can be used to try to
overcome this limitation problem, allowing the identification of soil
hydraulic parameters (Ritter et al., 2003). The process consists of a
search for the best set of parameters, varying them iteratively and
comparing the numerical prediction of the soil water state variable
provided by the model with the actual value measured under field
conditions (Simtinek et al., 1999). Consequently, the main advantage of
this procedure is that the results are based on directly monitored
variables (Ritter et al., 2003). In this study, the approach is made
possible owing to the development of multisensor probes (placed at
different depths and in different points), which allow the continuous
monitoring of soil water content at different depths with minimum soil
disturbance (Fares and Alva, 2000). Inverse modelling allows the
identification of parameters of the soil-crop system that are consistent
with monitored soil water and crop parameters in the field and will
ultimately result in lower model prediction uncertainties, trying to re-
duce these uncertainties as much as possible to the intrinsic natural soil
uncertainty. If soil-crop management dynamically affects the soil hy-
draulic properties and hence the soil water dynamics, then inverse
modelling should enable the dynamics of soil hydraulic properties to be
unravelled based on the monitoring of soil water dynamics. However,
interferences between crop and hydraulic properties should be identi-
fied in order to avoid equifinality problems.

The main objective of this study was to assess the medium-term
effect of cover crops on soil hydraulic properties over the soil profile
using the inverse modelling of a mechanistic model based on
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continuous soil moisture measurements in a field experiment. The
secondary objective was to analyse if the change in the soil hydraulic
properties could reduce the water competition with the main crop.

2. Material and methods
2.1. Field experimental setup

The study was conducted in an experimental field station located in
the Tajo River Basin (40°03’N, 03°31'W and 550 m a.s.l., in Aranjuez,
close to Madrid, Spain). The slope was close to zero and runoff was not
observed along the experiment. The soil was classified as a Typic
Calcixerept (Soil Survey Staff, 2014) and it has a silty clay loam texture.
Other soil chemical and physical properties (0-120 cm depth) are
shown in Gabriel et al. (2010). Climate is classified as cold steppe arid
(Bsk) according to Koppen-Geiger classification (Peel et al., 2007).
Weather information (temperature, humidity, wind speed, precipitation
and solar radiation) were recorded hourly using a field Campbell Sci-
entific station (Campbell Scientific, Logan, UT, USA) placed in the ex-
perimental field during the study period.

The field experiment consisted of a 10-year crop rotation (from
October 2006 to September 2016), with or without a winter CC be-
tween consecutive main summer crops. The main crops were sown
during April and harvested around September and they were maize (Zea
mays L.; the summers of 2007, 2008, 2009, 2010, 2013, 2014 and 2016)
and sunflower (Helianthus annuus L.; the summers of 2012 and 2015). In
the summer of 2011, the field was fallow to control weeds and finished
with a maize monoculture. The experimental plots consisted of eight
square 144 m? plots randomly distributed between the two treatments
with four replications. Each plot received the same treatment
throughout the 10-year period. The CC was barley (Hordeum vulgare L.)
and was sown every year during the first half of October and killed
during the second half of March. Barley was sown by broadcasting,
incorporated with a 5-cm shallow cultivator, terminated with one ap-
plication of glyphosate and chopped before main crop sowing, leaving
the residues over the ground. The main crops were directly sown over
the CC residues. Then, the soil was not tilled except for the first 5cm
once per year. Other cropping techniques applied to the main crops,
such as fertilization, irrigation, or weed control, were equal in both
treatments and adjusted to crop demands or weed infestation. More
details can be found in Garcia-Gonzalez et al. (2016).

2.2. Field measurements

The soil water content was monitored daily (averaging hourly
measurements) using EnviroSCAN" capacitance probes (Paltineanu and
Starr, 1997). Six access tubes were installed in the 10-year experiment,
three per treatment. Each access tube consisted of a plastic extrusion
with 6 sensors from 0.1 to 1.1 m in depth every 0.2 m. Sensors were
previously normalized, calibrated (under field and laboratory condi-
tions) and validated following Gabriel et al. (2010). This validation
included punctual response of the sensor to fast wetting events and the
following drying period but also the consistence of the field measure-
ments along the first 3 years of the present experiment. During the 3
years there was no decrease in the accuracy or the precision on the
sensor measurements (Gabriel et al., 2010).

Different soil properties were measured at the beginning of the ex-
periment. Four layers were defined (0-20, 20-40, 40-80 and
80-120 cm depths) based on the soil description in two trenches dug on
the sides of the experimental field in 2006 (Gabriel and Quemada,
2011). Ten 100 cm® (50 mm in diameter) undisturbed soil cores for
each layer were taken in 2006. The soil hydraulic conductivity (K,) was
measured using a laboratory constant head permeameter (Klute and
Dirksen, 1986), and the saturation soil water content (65) was obtained
as the porosity measured in the soil cores. The residual soil water
content (0,) was obtained from the lowest water content observed in
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each EnviroSCAN" probe after dry summer periods. The van Genuchten
curve-shape initial hydraulic parameters o and n (van Genuchten,
1980; Mualem, 1976) were obtained with the RETC model (van
Genuchten et al., 1991). The a and n were adjusted based on the soil
water content data observed at saturation (based on the porosity), field
capacity (as the water content observed in the EnviroSCAN" after 48 h
from a heavy rainfall event; Arrequi and Quemada, 2006) and 6, (from
the EnviroSCAN" probes) for each core and probe. These results pro-
vided a range in which soil hydraulic property values estimated by
inverse modelling should be included.

Climatic conditions (temperature, humidity, radiation, photo-
synthetically active radiation, rainfall and wind) were measured by a
weather station located < 100 m from the field trial. Cover crop bio-
mass was measured just before glyphosate application. Four
0.5m X 0.5m squares were randomly harvested from each plot, cut by
hand at ground level, oven-dried at 65°C and weighed as dry matter
(d.m.). Soil cover was monitored every 15 days by taking digital images
in 5 permanent points per plot that were analysed using techniques
following Ramirez-Garcia et al. (2012). The root depth was estimated
based on the differential water extraction between day and night at
each depth observed in the EnviroSCAN® hourly measurements, fol-
lowing Gabriel et al. (2012).

2.3. WAVE model

The Water and Agrochemicals in soil, crop and Vadose Environment
(WAVE_ model (Vanclooster et al., 1996) describes the water flow and
solute movement in the vadose zone. The model numerically solves the
one-dimensional isothermal Richard’s equation parameterized with the
van Genuchten (1980) water-retention curve and the Mualem (1976)
unsaturated hydraulic conductivity. More details can be found in
Gabriel et al. (2012). In this case, a Matlab® (The MathWorks Inc.,
Natick, MA, USA) version of the model was used. A crop subroutine was
also included, principally based on the WOFOST crop model (van
Diepen et al., 1989) and the previous SUCROS code (van Keulen, 1982;
Spitters et al., 1988).

The climatic input data of the model are temperature and photo-
synthetically active radiation (assuming equal to 50% of the total ra-
diation). Radiation is converted to an increase in biomass (based on
light interception, maintenance rate and conversion efficiency) and an
increase in biomass in leaf area index (LAI) (based on partitioning
coefficients and leaf morphology coefficients). The subroutine dis-
criminates assimilate partitioning at different phenological stages: from
sowing to emergence (phase 0), from emergence to flowering (vegeta-
tive phase or phase 1) and from flowering to the dead leaves phase
(reproductive phase or phase 2). The phenological stage and the si-
mulated crop height were both based on thermal time. The model
considers a bounded temperature range in which thermal time is ac-
cumulated. Crop growth is also corrected by temperature, water or
nitrogen stresses, reducing crop growth and increasing the senescence
rate. Root development considers a triangular distribution of root bio-
mass by depth, increasing the depth based on the thermal time until a
maximum root depth. The crop subroutine parameters (Supplemental
material 1) were calibrated prior to the identification of soil hydraulic
properties (based on previous hydraulic soil parameters defined by
Gabriel et al. (2012)) using observed crop data from the first year of the
experiment and validated with data from the remaining years. Phe-
nology development rate parameters were adjusted first in order to fit
the observed phenology in the field. Subsequently, growth parameters
(LAL aerial biomass, root depth and root biomass) were adjusted to the
crop growth field observations.

Previous versions of the WAVE model included potential evapo-
transpiration as a climatic input. In this case, a subroutine was included
to calculate the potential evapotranspiration described by Allen et al.
(1998), based on the dual coefficient. This dual coefficient considers
two coefficients multiplying the reference evapotranspiration (instead
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of just a single coefficient), one for evaporation and the other for
transpiration, considering also the percentage of soil covered by re-
sidues or plants. Evaporation only occurs on the surface that is not
covered with crop biomass, whereas transpiration only occurs on the
surface covered with crop biomass. Three scenarios were considered: i)
soil with crops growing and transpiring; ii) soil without crops; and iii)
soil covered with dead crop residues. When the crops are transpiring,
evaporation and transpiration are estimated independently. The eva-
poration is the result of the multiplication of the reference evapo-
transpiration by 1 (as the FAO coefficient suggestion for bare soil) and
by the proportion of soil not covered by crops. The transpiration is the
result of the multiplication of the reference evapotranspiration by the
basic crop coefficient following the plateau model described by Allen
et al. (1998). This model uses an initial value (for soils covered by less
than 10%) for the basic crop coefficient, followed by a linear increase
until a maximum value is reached when the crop covers more than 80%
of the total surface. After this plateau, there is a linear decrease of the
basic crop coefficient until a final value at harvest time is reached.
When the soil is not covered by any crop or residue, the transpiration is
equal to 0 and the evaporation is equal to the reference evapo-
transpiration. When the soil is covered by some dead residue, the
transpiration is equal to 0 and the evaporation is calculated for the bare
soil but multiplied by the fraction of soil that is not covered. The soil
cover fraction was obtained from the LAI simulated and corrected fol-
lowing Ramirez-Garcia et al. (2012). The WAVE model corrected the
final potential evapotranspiration supplied by this new module con-
sidering the internal restriction by solving the flow problem (con-
sidering surface and root depth soil water content for evaporation and
transpiration respectively).

2.4. Soil hydraulic parameter identification

The inverse calibration of the soil hydraulic parameters was done
based on the daily soil water content measurements. Each year, the soil
hydraulic parameters were adjusted for the fallow and the CC treat-
ments independently. The simulations started on the cover crop
planting date, considering the measured soil water content at each
depth and treatment as the initial condition for the model, and finished
on the following April 15th. The following soil hydraulic parameters
were considered to be affected by CCs and identified with a Monte Carlo
based inverse modelling procedure: Ks (cm day 1), 6, (cm®cm %), 6,
(em®em™3), o (cm™ 1) and n, and all of them were affected for each of
the four depths. The bottom boundary condition was fixed as free
drainage, as water table was always below 4.5m. For the automatic
inversion, the WAVE model was coupled to the Shuffled Complex
Evolution Metropolis algorithm for optimization and uncertainty as-
sessment of hydrological model parameters (SCEM-UA, Vrugt et al.
(2003). This global optimization algorithm is a Bayesian method based
on the Markov chain Monte Carlo method (Gilks et al., 1998) that uses
the Metropolis Hastings strategy (Metropolis et al., 1953) to evolve the
population of possible parameter sets. The method reaches both the
most likely parameter set and its underlying posterior probability dis-
tribution, conditioned to observed soil water data, within a single op-
timization run of the 3860 parameter dataset tried by the SCEM-UA.
The fit of the simulations to the observed data was evaluated by the
coefficient of efficiency (Ceff; Nash and Sutcliffe (1970)) and the root
mean squared error (RMSE), as proposed by Ritter and Munoz-Carpena
(2013), for the 3860 parameter dataset obtained for each treatment and
year. This process was repeated for all the access tubes in both treat-
ments and for each of the individual years in order to assess the dy-
namic evolution of the soil hydraulic properties over time. Newer in-
dexes as Willmott et al. (2012) could have be used, but the Ceff was
chosen for a better comparison with the previous work done in the
experiment (Gabriel et al., 2012). Data were analysed using the SAS
statistical package for analysis of variance PROC MIXED (SAS Institute,
Inc., 2013). “Cover crop” treatment was considered the fixed effect
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Fig. 1. Monthly climatic conditions during the ten simulated periods. Tmax and Tmin are the absolute maximum and minimum temperature, respectively, observed
within a month. Tmax_avg and Tmin_avg are, the monthly average of the daily absolute maximum and minimum temperatures, respectively.

whereas “Year” was considered a repeated effect, as measurements
were always done on the same plot over time. Separation of means was
tested with the DIFF option of the LSMEANS statement with a sig-
nificance level of p < 0.05.

Once the model was calibrated and the final parameters defined, the
water balance was analysed. The water balance was obtained from the
WAUVE simulation of the ten years and the two treatments as during the
calibration, starting on the cover crop planting date, considering the
measured soil water content at each depth and treatment as the initial
condition for the model, and finishing on the following April 15th. The
water balance results compared were the total drainage, the total
evaporation, the total transpiration and the final soil water content.
This water balance analysis was important in order to see the real im-
pact of the cover crop on the possible water competition with the fol-
lowing main crop.

3. Results and discussion
3.1. Weather conditions and crop development

The weather conditions for the field trial are illustrated in Fig. 1.
The weather conditions during the cover cropping period changed from
year to year, presenting different conditions for barley development
and allowing a test of the model in a broad range of environmental

conditions. The weather conditions varied from humid seasons (e.g.,
2009/10 had 612mm of rainfall accumulated between October and
April) to very dry seasons (e.g., 2011/12 had just 124 mm of rainfall in
the same period), all of them compared with the 222 mm in an average
year in the region. Moreover, there were also differences in the cu-
mulative rainfall during late autumn, winter or the beginning of spring.
Usually, the winter is dry, as is typically observed in Mediterranean
climates, but the autumn and spring are very variable, with years in
which one, both or none of them are dry or wet. Temperature condi-
tions were also different between years. Even when the soil never got
frost, there were winters in which the minimum temperature average
was below 0°C during three consecutive months (i.e., 2011/12) and
others where it was always above 0 °C (i.e., 2009/10 or 2015/16). Both
rainfall and temperature distributions affected the soil water dynamics
and soil water balance terms. The 10-year weather series considered in
this study was able to represent the diversity of weather situations that
may occur under these Mediterranean conditions.

The crop parameters were calibrated during the 2006/07 cropping
season (Supplemental Material 1), and these values were applied during
the entire study. The results of crop growth modelling of the field ex-
periment are illustrated in Fig. 2. Final observed CC dry matter (d.m.)
production varied from 1145 to 5117 kg d.m. ha™', and WAVE was able
to predict this crop development with an R® = 0.67 and a root mean
squared error (RMSE) = 1382kg d.m. ha™!, whereas the average
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Fig. 2. Simulated versus observed ground cover, aerial biomass and root depth in the field.
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observed standard error was 928 kg d.m. ha™'. A tendency to over-
estimate the aerial biomass was also observed. This fact needs to be
considered in further studies, but it seems to be produced because the
model did not consider many biotic or abiotic parameters as weeds,
pests, germination problems, nutrient deficiencies, etc. So, some of
them could be included in further versions. The predicted ground cover
(%) throughout the 10 years at different crop dates after sowing mat-
ched the observed ground cover with an R? = 0.74 and an RMSE =
16%. A tendency to underestimate the ground cover was also observed,
and needs to be considered in further studies. Predicted root depth
adjusted with observations had an R* = 0.71 and an RMSE = 15.8 cm.
Crop simulations were always within the range of variation observed in
the field, with RMSE values similar to the natural field variability. The
relative RMSEs were 24, 35 and 33% for biomass, ground cover and
root depth, respectively, similar or smaller to the 35% presented by
Coucheney et al. (2015) as acceptable when evaluating crop compo-
nents of an integrated agro-hydrological model. The correct simulation
of these three variables under different growing conditions is a key
factor in order to achieve an accurate estimation of evapotranspiration.
And this consideration is possible because, as previous authors said, CC
biomass was well correlated with total transpiration (Ritchie and
Johnson, 1990), ground cover with direct soil evaporation and rainfall
water interception (Tanner and Jury, 1976) and root depth with the
total soil water availability for the plant (Doorenbos and Kassam,
1979).

3.2. Soil hydraulic parameter evolution

The model adjusted soil water content with a general coefficient of
efficiency (Ceff) equal to 0.79 for fallow and 0.83 for barley treatment,
combining all years and depths. Considering individual years, Ceff
ranged from 0.77 to 0.57 under fallow and from 0.81 to 0.64 under
barley. The similar behaviour in both treatments could be suggesting
that the water balance simulated by the crop module is not including
any extra noise in the hydraulic parameter estimation. Analysing layer
by layer, the best adjustment was obtained in the surface (0-20 cm) of
the fallow treatment, with a Ceff = 0.81, whereas the worst was in the
40-80 cm soil layer, with a Ceff = 0.64. In the barley treatment, the
best adjustment was in the 20-40 cm layer, with a Ceff = 0.84, and the
worst was in the 0-20 layer, with a Ceff = 0.72. The Ceff obtained for
all years and treatments were in the same range as the one obtained by
Gabriel et al. (2012) for the same soil during 2006/07.

The time course of the soil hydraulic properties presented two dif-
ferent phases (Fig. 3). In the first phase, there was a clear effect on
hydraulic properties at the beginning of the study (from one to three
years depending on the parameter and the depth), mainly driven by the
conversion of the field site from standard reference tillage towards
minimum tillage. During these first years, both CC and bare soil treat-
ments followed a similar pattern, specially in the upper layers, those
with a previous higher ploughing activity. There was a reduction in the
residual soil water content (0,) at 20-40 cm, in the saturation soil water
content (0;) at 0-20 and 40-80cm and in the soil hydraulic con-
ductivity (Kg) at 20-40 cm, suggesting soil compaction. A similar effect
was observed by other authors, such as Riicknagel et al. (2016), who
reported an initial compaction under both CC and fallow treatments
during the first years under minimum tillage in several locations around
Germany. In the second phase, after two to four years, depending on
parameter and depth, the evolution of soil parameters changed, starting
to demarcate differences between CC and the bare soil treatment.

The effect on 6, at 0-20 cm throughout the ten years was reduced to
a constant increment from the first year to the fifth (and significant
from the third year respect to the first one), probably induced also by
the minimum tillage (Fig. 3). At 20-40 cm, there was a decrease in both
treatments during the second year. In this case, the CC favoured the
increase in 6,, recovering at the third year, whereas bare soil needed
three extra years to recover the initial values. Differences between
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treatments or years at deeper layers were smaller. The effects of CCs on
0, during the experiment can be explained by the effect of roots on the
development of micropore structure i.e. due to both micro-fissuring
produced by wetting-drying process enhanced by the presence of roots,
and by radial pressures exerted by roots themselves (Scanlan, 2009;
Bodner et al., 2014). Although, due to barley's relatively thin roots, the
effect of the CC on the micropore structure development was more
pronounced in upper layers, where barley root density was higher. This
suggests small differences in the micropore structure between fallow
and CC treatments in deeper layers.

The effect of CCs on the time course of 65 was more significant
compared with the effect on the time course of 0,. There were no sig-
nificant differences between treatments for the 0-20 cm depth, but
some trends were observed at 20-40 cm. This trend became significant
in the 40-80 cm and 80-120 cm soil layers. In this case, the 5 of the CC
treatment increased by an average of 0.06 cm® cm ™3 for the 40-80 cm
soil layer and by 0.05 for the 80-120 cm soil layer since 2008/09 (being
higher in the CC treatment than in the first year from 2007/08 for the
80-120 cm depth and from 2009/10 for the 40-80, but never in the
fallow). These results suggested an increase in macroporosity produced
by biopores from dead roots and by improvements in soil structure. This
result is consistent with observations from other authors who reported
that macroporosity could increase in cover cropping systems (Cresswell
and Kirkegaard, 1995; Bodner et al., 2014; Yu et al., 2016). Moreover,
some authors have reported that CCs increased organic matter and
aggregate stability (Six et al., 2006; Peregrina et al., 2010), providing
more stability to this structural improvement. In our study, the differ-
ence in 65 between treatments was only significant in deeper soil layers.
Irrigated maize roots may have homogenised the macroporosity in the
first 40 cm soil depth.

Van Genuchten parameters (a and n) followed inverse trends. The a
value was variable, but, in general, we found lower values under the
bare soil treatment than under CC or the initial conditions. The CC
treatment presented more stable values along the studied period and
even tended to increase with respect to the initial conditions
throughout the soil profile. The n value was less variable along the
10 years of the study, although under barley treatment n value tended
to decrease compared with the initial value (significant at 0-20 cm on
2001/12, 2014/15 and 2015/16, at 20-40 from 2009/10 to 2011/12,
at 40-80 only on 2008/09 and at 80-120 from 2009/10 to 2014/15). In
this case, the CC treatment presented lower n values than the bare soil
treatment after the first 3 years, becoming significant during the last
3-4 years, depending on the soil layer.

An increase in o and a decrease in n in the CC treatment were
consistent with the porosity development in this treatment, and it is in
consonance with the equation defined by Kosugi (1994), relating a and
n, considering m equal to 1 - 1/n. Indeed, when o increases, the air
entry value decreases which occurred when the new soil macroporosity
was developed. Additionally, n measures the distribution of pore sizes.
When n increases, which occurred under bare soil treatment, the var-
iation in pore sizes decreases, suggesting that some pore size classes
became dominant. Both effects, together with the impacts of CC on 6
and 0., suggest considerable differences in the time course of the water
retention curve between treatments (Fig. 4). In the two upper layers,
the CC soil water retention curves were slightly risen and flattened,
which was a result of soil with larger macroporosity development, in-
creasing water infiltration to deeper layers and reducing crop available
water in some years (calculated as the difference between field capacity
and wilting point soil water content). In our field experiment, Garcia-
Gonzalez et al. (2016) and Garcia-Gonzdlez et al. (2018) measured an
increase of soil organic carbon and water-stable aggregates in the CC
treatment at different dates in the upper layer, supporting our results.
Munoz-Carpena et al. (2008) also showed a similar effect on the van
Genuchten hydraulic parameters in a Sunn hemp (Crotalaria juncea L.)
cover cropping experiment, suggesting that an increase in organic
matter improved soil aggregation. However, below 40 cm in depth, the



J.L. Gabriel, et al.

Agricultural Water Management 222 (2019) 62-71

0.15 0-20cm 20-40cm 40-80 cm 80-120cm
m'g 0.11
E
S 007 —-BARLEY
<o -s-FALLOW
0.03
055
'f’g 0.45
8 0.35 *kwow
&

0.016

0.014

o (cm?)

0.012

0.010

c
-
A
>
(1]
e
(%]
S
A
4
—
m
£
Q
E
(%)
S
:
D
;
"
@ 0.10
. O N0 O A NM< N O N0 O A NM < N O N0 O A NM< N O N0 O NM< N
O O OO0 ™ ™ = o o O O OO0 ™ ™ = = o OO0 OO0 ™ ™ ™ o o O OO i —
OO0 000000 OO0 OO0 OO0 0000 OO0 OO0 000000 OO0 OO0 000000 OO0
NN NN NN AN N NN NN NN NN NN NN NN NN AN NN AN NN N N N AN AN NN NN

Fig. 3. Evolution of optimized soil parameters at different depths and throughout the ten studied years. 6, is the residual soil water content, 6 is the saturation soil
water content, o and n are the van Genuchten curve-shape hydraulic parameters and K is the soil hydraulic conductivity. * Symbol represents statistical differences

between treatments within a year (p < 0.05).

crop available water (as the difference between soil water content at
field capacity and permanent wilting point, 33 and 1500 kPa respec-
tively) increased by an average of 20% from the third to the last year.
This effect, together with the faster infiltration from the upper layers,
could result in larger crop available water, not only in the entire profile
but also in the upper 80 cm, where the main crop explores more effi-
ciently. Even when there were not many available results on the direct
effect of CCs on soil water retention curves, Palese et al. (2014) also
reported an increment in soil water retention in a cover cropped olive
orchard in the deeper layers. However, they concluded that this in-
crement was only the result of better infiltration, resulting in a reduc-
tion of water loss. Therefore, a CC can be a competitor with the main
crop for water, but the improvement in soil water retention in the in-
termediate zone of the soil profile could minimize this competition or
even turn it into an advantage in arid and semiarid regions.

Finally, the CC treatment was also able to enhance the soil hydraulic
conductivity in the layers with lower K;. This effect was first observed
in 2008/09 at 20-40 cm and was maintained until the end. However, at
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this depth, differences respect the first year were only observed during
2009/10 and 2014/15 for the CC treatment. At 80-120 cm depth, the
effect appeared later, in 2012/13 but was also persistent in time (also
significant respect the initial year since 2012/13). In our field experi-
ment, Garcia-Gonzalez et al. (2018) measured an increase of water
infiltration rates in the CC treatment at different dates in the upper
layer, supporting our results. Similar increases in infiltration rates in the
upper layers of CC soil were observed by other authors (Palese et al.,
2014; Yu et al., 2016). Moreover, Gish and Jury (1983) concluded that
the pores generated by roots present high connectivity and facilitate
water transport through the soil. Again, CC root development and im-
provement in the structure and pore size distribution seem to be re-
sponsible for this increase, reducing the runoff risk and the erosion
problems even under the gentle slopes commonly found in semiarid and
arid regions. As the model does not consider preferential flow, the K;
obtained comprises both, the matrix flux and other preferential fluxes.
Moreover, the capacitance sensors used in the experiment were neither
capable to distinguish between macropores or matrix water content.
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Fig. 4. Optimized soil retention curves at two different depths at the beginning of the experiment (2006) and after 1 (2007), 2 (2008) and 10 years (2015) of a

minimum tillage cover crop experiment.

These two factors, together with the daily time step of the observations,
made it almost impossible to distinguish between preferential and
matrix water flux. This could be a great inconvenient in soils heavily
marked by crops with very pivoting root systems, or in well-structured
soils, or in shrinking-swelling soils. Yet, this is not the case in this ex-
periment, where the fragile structured soil has a very low content in
expansive clay and is cropped with barley as cover crop, exhibiting very
fasciculate root systems. In this case, the matrix flux is expected to
dominate the preferential flux. It is however suggested to develop fur-
ther research in order to confirm the actual relevance of preferential
flow under these conditions.

Some other hydraulic parameters, such as the tortuosity or hys-
teretic parameters, could also be included in the inversion analysis. For
instance, roots can alter pore geometry and connection, affecting the
tortuosity. However tortuosity was not considered to be strongly af-
fected by the CC treatment in this study based on Kool and Parker
(1987), and because that effect was masked in the model by the daily
time step. We also considered that the CC treatment would not influ-
ence the hysteresis effects and therefore it was ignored in the analysis.
We, therefore, decided to fix all these parameters to reduce identifica-
tion problems in the inverse analysis. However, these hydraulic prop-
erties, or even additional ones, could be included in future research on
the effects of CCs on soil hydraulic properties. Moreover, while inverse
modelling allows inferring complex system parameters from ready
available observations of dynamic system state variables, it is possible
that the obtained parameter values suffer from equifinality. We reduced
this equifinality problem by different methods: i) by constraining the
confidence interval of each parameter (based on the initial sensitivity
analysis of the model, as presented by Gabriel et al. (2012)), ii) by using
different and independent parameter chains in the Markov chain
methodology, iii) by considering the mean and the standard error of the
different EnviroSCAN" access tubes for each parameter and year and iv)
by combining the calibration (based on continuous soil water content
measurements) with an independent validation (based on crop devel-
opment). Finally, we also considered the possibility that the parameter
evolution could be more influenced by variations in the sensor mea-
surement than by actual soil properties. If this would be the case, the

68

changes along the 10-years of experiment should be similar in both
treatments. Since this was not observed, we conclude that no significant
bias due to a potential sensor effect affects our observations. In addi-
tion, the sensor calibrations as illustrated in Gabriel et al. (2010) did
not exhibit drift. Indeed, the most important differences in the soil
properties appeared during the first 3 years of experiments. The sensor
readings during this period were validated in the field in both treat-
ments at seven different dates. During this period, the accuracy and the
precision remained constant at all depths. The rather reliable validation
of the sensor readings in this case can be explained by the fact that we
are analysing volumetric soil water content inferred from dielectric
data at the macroscopic scale. Even when soil particles could be re-
distributed in many ways and modify soil structure between treatments,
it is suggested that this occurs at scales smaller than the capacitance
probes footprint and hence does not dominate the sensor calibration.
Based on that, we assume that the sensor measurements are not inter-
fering with the hydraulic properties identification.

3.3. Water balance analysis

The slope of the experimental field was close to zero and no visual
signals of runoff were observed during the 10 years. Because of that,
runoff was considered negligible. The CC treatment did not increase the
simulated total water losses compared to the fallow treatment
throughout the 10 years studied (Fig. 5). As expected, these total losses
were obviously highly correlated with the amount of rainfall (R? equal
to 0.82 and 0.85 for barley and fallow respectively). However, the
weight of evapotranspiration and drainage on these losses was different
for CC and fallow treatments. Rainfall correlated better with fallow
than with CC drainage (R? equal to 0.64 and 0.45, respectively), but
better with CC evapotranspiration than with fallow (R? equal to 0.85
and 0.79, respectively). The CC treatment increased the simulated
evapotranspiration with respect to bare soil (235 vs. 162 mm year L on
average, respectively). However, this increase was compensated by a
decrease in the simulated water drainage below 120 cm in depth. The
bare soil simulated drainage was on average 60.7 mm year ' larger
than the drainage of the CC treatment, but this difference reached
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Fig. 5. Soil water balance (from October to April) evolution with and without a cover crop in the 120-cm depth of the soil profile and throughout the ten studied

years.

188 mm in very rainy years as 2009/10. These results support previous
research on CCs that concluded that good management of the CC would
not lead to water competition with the subsequent cash crop even
during dry years as 2007 and 2011 (Clark et al., 1997; Alonso-Ayuso
et al., 2014). Moreover, this result supported the theory that CCs not
only reduce leaching of nitrate and other solutes but also reduce in-
tensive drainage (Thorup-Kristensen et al., 2003). Therefore, CCs can
be considered a useful tool for enhancing environmental services linked
to agricultural soils, such as the protection of groundwater from nitrate
and pesticide pollution from agricultural sources without a large re-
duction of the water availability. However, in years when rainfall does
not occur between the CC termination date and the cash crop seeding,
there might arise a problem of water competition if we only take
seedbed water content into account (Clark et al., 2007). This water
limitation can be observed in the final soil water content in April
(Fig. 5), but also in the correlation between rainfall and CC evapo-
transpiration, showing that CC can grow more when water is available.

4. Conclusions

Using data collected in a 10-year field trial of an agricultural rota-
tion including a CC versus fallow treatment between cash crops, we
were able to elucidate by inverse modelling the impact of CCs on the
medium-term evolution of the soil hydraulic properties. The cover
crops were demonstrated to be a useful tool for improving the soil
hydraulic functions of the agricultural system. This improvement could
be principally based on a more compensated distribution among macro-
to micropores, reducing soil compaction and increasing soil water re-
tention and crop available water. Moreover, the resulting soil could be
less prone to runoff and drainage losses, compensating (and even re-
versing) the possible water competition of the cover crop with the
subsequent cash crop. This fact has special relevance in semiarid re-
gions, where water is the most limiting factor in agricultural produc-
tion.

69

Funding

This work was supported by The Comisién Interministerial de
Ciencia y Tecnologia (projects AGL2011-24732, AGL2017-83283-C2-2-
Rand 1JCI201420175), Comunidad de Madrid (projects AGRISOST,
S2013/AB1-2717 and S2018/BAA-4330), Structural Funds 2014-2020
(ERDF and ESF) and Belgium FSR 2012 cofounded by Marie Curie ac-
tions (ref. SPER/DST/340-1120525).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.agwat.2019.05.034.

References

Abawi, G.S., Widmer, T.L., 2000. Impact of soil health management practices on soilborne
pathogens, nematodes and root diseases of vegetable crops. Appl. Soil Ecol. 15,
37-47. https://doi.org/10.1016/50929-1393(00)00070-6.

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop Evapotranspiration-guidelines
for Computing Crop Water Requirements. FAO, Rome.

Alonso-Ayuso, M., Gabriel, J.L., Quemada, M., 2014. The kill date as a management tool
for cover cropping success. PLoS One 9, €109587. https://doi.org/10.1371/journal.
pone.0109587.

Arrequi, L.M., Quemada, M., 2006. Drainage and nitrate leaching in a crop rotation under
different N-fertilizer strategies: application of capacitance probes. Plant Soil 288,
57-69. https://doi.org/10.1007/5s11104-006-9064-9.

Basche, A.D., Kaspar, T.C., Archontoulis, S.V., Jaynes, D.B., Sauer, T.J., Parkin, T.B.,
Miguez, F.E., 2016. Soil water improvements with the long-term use of a winter rye
cover crop. Agric. Water Manag. 172, 40-50. https://doi.org/10.1016/j.agwat.2016.
04.006.

Bodner, G., Leitner, D., Kaul, H.P., 2014. Coarse and fine root plants affect pore size
distributions differently. Plant Soil 380, 133-151. https://doi.org/10.1007/s11104-
014-2079-8.

Bowman, G., Shirley, C., Cramer, C., 2000. Benefits of cover crops. In: Clark, A.J. (Ed.),
Managing Cover Crops Profitably. Sustainable Agriculture Network, Beltsville (USA),
pp. 9-11.

Carter, M.R., Ball, B.C., 1993. Soil porosity. In: Carter, M.R., Gregorich, E.G. (Eds.), Soil
Sampling and Methods of Analysis. Canadian Society of Soil Science, Charlottetown,
pp. 581-588.


https://doi.org/10.1016/j.agwat.2019.05.034
https://doi.org/10.1016/S0929-1393(00)00070-6
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0010
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0010
https://doi.org/10.1371/journal.pone.0109587
https://doi.org/10.1371/journal.pone.0109587
https://doi.org/10.1007/s11104-006-9064-9
https://doi.org/10.1016/j.agwat.2016.04.006
https://doi.org/10.1016/j.agwat.2016.04.006
https://doi.org/10.1007/s11104-014-2079-8
https://doi.org/10.1007/s11104-014-2079-8
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0035
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0035
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0035
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0040
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0040
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0040

J.L. Gabriel, et al.

Celette, F., Gaudin, R., Gary, C., 2008. Spatial and temporal changes to the water regime
of a Mediterranean vineyard due to the adoption of cover cropping. Eur. J. Agron. 29,
153-162. https://doi.org/10.1016/j.eja.2008.04.007.

Cerda, A., Morera, A.G., Bodi, M.B., 2009. Soil and water losses from new citrus orchards
growing on sloped soils in the Western Mediterranean basin. Earth Surf. Processes
Landf. 34, 1822-1830. https://doi.org/10.1002/esp.1889.

Clark, A.J., Decker, A.M., Meisinger, J.J., McIntosh, M.S., 1997. Kill date of vetch, rye,
and a vetch-rye mixture: 2. Soil moisture and corn yield. Agron. J. 89, 434-441.
https://doi.org/10.2134/agronj1997.00021962008900030011x.

Clark, A.J., Meisinger, J.J., Decker, A.M., Mulford, F.R., 2007. Effects of a grass-selective
herbicide in a vetch-rye cover crop system on corn grain yield and soil moisture.
Agron. J. 99, 43-48. https://doi.org/10.2134/agronj2005.0362.

Coucheney, E., Buis, S., Launay, M., Constantin, J., Mary, B., de Cortazar-Atauri, L.G.,
Ripoche, D., Beaudoin, N., Ruget, F., Andrianarisoa, K.S., Le Bas, C., Justes, E.,
Leonard, J., 2015. Accuracy, robustness and behavior of the STICS soil-crop model for
plant, water and nitrogen outputs: evaluation over a wide range of agro-environ-
mental conditions in France. Environ. Model. Softw. 64, 177-190. https://doi.org/
10.1016/j.envsoft.2014.11.024.

Cresswell, H.P., Kirkegaard, J.A., 1995. Subsoil amelioration by plant-roots - the process
and the evidence. Aust. J. Soil Res. 33, 221-239. https://doi.org/10.1071/
SR9950221.

Doorenbos, J., Kassam, A.H., 1979. Yield response to water. FAO Irrigation and Drainage
Paper No. 33. FAO, Rome 193 pp.

Fares, A., Alva, A.K., 2000. Evaluation of capacitance probes for optimal irrigation of
citrus through soil moisture monitoring in an Entisol profile. Irrig. Sci. 19, 57-64.
https://doi.org/10.1007/s002710050001.

Gabriel, J.L., Quemada, M., 2011. Replacing bare fallow with cover crops in a maize
cropping system: yield, N uptake and fertiliser fate. Eur. J. Agron. 34, 133-143.
https://doi.org/10.1016/j.€ja.2010.11.006.

Gabriel, J.L., Lizaso, J.I., Quemada, M., 2010. Laboratory versus field calibration of ca-
pacitance probes. Soil Sci. Soc. Am. J. 74, 593-601. https://doi.org/10.2136/
$552j2009.0157.

Gabriel, J.L., Mufioz-Carpena, R., Quemada, M., 2012. The role of cover crops in irrigated
systems: water balance, nitrate leaching and soil mineral nitrogen accumulation.
Agric. Ecol. Environ. 155, 50-61. https://doi.org/10.1016/j.agee.2012.03.021.

Gabriel, J.L., Vanclooster, M., Quemada, M., 2014. Integrating water, nitrogen, and
salinity in sustainable irrigated systems: cover crops versus fallow. J. Irrig. Drain.
Eng. 140. https://doi.org/10.1061/(ASCE)IR.1943-4774.0000696.

Garcia-Gonzalez, 1., Quemada, M., Gabriel, J.L., Hontoria, C., 2016. Arbuscular mycor-
rhizal fungal activity responses to winter cover crops in a sunflower and maize
cropping system. Appl. Soil Ecol. 102, 10-18. https://doi.org/10.1016/j.apsoil.2016.
02.006.

Garcia-Gonzélez, 1., Hontoria, C., Gabriel, J.L., Alonso-Ayuso, M., Quemada, M., 2018.
Cover crops to mitigate soil degradation and enhance soil functionality in irrigated
land. Geoderma 322, 81-88. https://doi.org/10.1016/j.geoderma.2018.02.024.

Gilks, W.R., Roberts, G.O., Suhu, S.K., 1998. Adaptive Markov chain Monte Carlo through
regeneration. J. Am. Stat. Assoc. 93, 1045-1054. https://doi.org/10.1080/
01621459.1998.10473766.

Gish, T.J., Jury, W.A., 1983. Effect of plant roots and root channels on solute transport.
Trans. Am. Soc. Agric. Eng. 26, 440-451. https://doi.org/10.13031/2013.33955.

Hargrove, W.L., 1991. Cover Crops for Clean Water. Soil and Water Conservation Society,
Ankeny, IA, USA.

Kay, B.D., VandenBygaart, A.J., 2002. Conservation tillage and depth stratification of
porosity and soil organic matter. Soil Tillage 66, 107-118. https://doi.org/10.1016/
S0167-1987(02)00019-3.

Kaye, J.P., Quemada, M., 2017. Using cover crops to mitigate and adapt to climate
change: a review. Agron. Sustain. Agric. 37, 4. https://doi.org/10.1007/s13593-016-
0410-x.

Klute, A., Dirksen, C., 1986. Hydraulic conductivity and diffusivity: laboratory methods.
Methods of Soil Analysis, Part 1. Physical and Mineralogical Methods. ASA and SSSA,
Madison.

Kool, J.B., Parker, J.C., 1987. Development of closed-form expressions for hysteretic soil
hydraulic properties. Water Resour. Res. 23, 105-114. https://doi.org/10.1029/
WR023i001p00105.

Kosugi, K., 1994. Three-parameter lognormal distribution model for soil water retention.
Water Resour. Res. 30, 891-901. https://doi.org/10.1029/93WR02931.

Kuo, S., Sainju, U.M., Jellum, E.J., 1997. Winter cover crop effects on soil organic carbon
and carbohydrate in soil. Soil Sci. Soc. Am. J. 61, 145-152. https://doi.org/10.2136/
$$52j1997.03615995006100010022x.

Langdale, G.W., Blevins, R.L., Karlen, D.L., McCool, D.K., Nearing, M.A., Skidmore, E.L.,
Thomas, A.W., Tyler, D.D., Williams, J.R., 1991. Cover crop effects on soil erosion by
wind and water. In: Hargrove, W.L. (Ed.), Cover Crops for Clean Water. Soil and
Water Conservation Society of America, Ankeny, IA, pp. 15-22.

Leavitt, M.J., Sheaffer, C.C., Wyse, D.L., Allan, D.L., 2011. Rolled winter rye and hairy
vetch cover crops lower weed density but reduce vegetable yields in no-tillage or-
ganic production. HortScience 46, 387-395.

McCracken, D.V., Smith, M.S., Grove, J.H., Mackown, C.T., Blevins, R.L., 1994. Nitrate
leaching as influenced by cover cropping and nitrogen-source. Soil Sci. Soc. Am. J.
58, 1476-1483. https://doi.org/10.2136/ss5aj1994.03615995005800050029x.

Metropolis, N., Rosenbluth, A.W., Rosenbluth, M.N., Teller, A.H., Teller, E., 1953.
Equation of state calculations by fast computing machines. J. Chem. Phys. 21,
1087-1092. https://doi.org/10.1063/1.1699114.

Moret, D., Arrte, J.L., 2007. Dynamics of soil hydraulic properties during fallow as af-
fected by tillage. Soil Tillage 96, 103-113. https://doi.org/10.1016/j.5till.2007.04.
003.

Mualem, Y., 1976. A new model for predicting the hydraulic conductivity of unsaturated

70

Agricultural Water Management 222 (2019) 62-71

porous media. Water Resour. Res. 12, 513-522. https://doi.org/10.1029/
WR012i003p00513.

Muiloz-Carpena, R., Ritter, A., Bosch, D.D., Schaffer, B., Potter, T.L., 2008. Summer cover
crop impacts on soil percolation nitrogen leaching from a winter corn field. Agric.
Water Manage. 95, 633-644. https://doi.org/10.1016/j.agwat.2008.01.005.

Nash, J.E., Sutcliffe, J.V., 1970. River flow forecasting through conceptual models part I-
A discussion of principles. J. Hydrol. 10, 282-290. https://doi.org/10.1016/002.2-
1694(70)90255-6.

Palese, A.M., Vignozzi, N., Celano, G., Agnelli, A.E., Pagliai, M., Xiloyannis, C., 2014.
Influence of soil management on soil physical characteristics and water storage in a
mature rainfed olive orchard. Soil Tillage 144, 96-109. https://doi.org/10.1016/j.
still.2014.07.010.

Paltineanu, 1.C., Starr, J.L., 1997. Real-time soil water dynamics using multisensor ca-
pacitance probes: laboratory calibration. Soil Sci. Soc. Am. J. 61, 1576-1585. https://
doi.org/10.2136/ss5aj1997.03615995006100060006x.

Peel, M.C., Finlayson, B.L., McMahon, T., 2007. Updated world map of the Képpen-Geiger
climate classification. Hydrol. Earth Syst. Sci. 11, 1633-1644. https://doi.org/10.
5194/hess-11-1633-2007.

Peregrina, F., Larrieta, C., Ibdfez, S., Garcia-Escudero, E., 2010. Labile organic matter,
aggregates, and stratification ratios in a semiarid vineyard with cover crops. Soil Sci.
Soc. Am. J. 74, 2120-2130. https://doi.org/10.2136/ss5aj2010.0081.

Quemada, M., Cabrera, M.L., 2002. Characteristic moisture curves and maximum water
content of two crop residues. Plant Soil 238, 295-299.

Ramirez-Garcia, J., Almendros, P., Quemada, M., 2012. Ground cover and leaf area index
relationship in a grass, legume and crucifer crop. Plant Soil 58, 385-390.

Ritchie, J.T., Johnson, B.S., 1990. Soil and plant factors affecting evaporation. In:
Stewart, B.A., Nielsen, D.R. (Eds.), Irrigation of Agricultural Crops. Agronomy Series
30. ASA, Madison, pp. 363-390.

Ritter, A., Munoz-Carpena, R., 2013. Performance evaluation of hydrological models:
statistical significance for reducing subjectivity in goodness-of-fit assessments. J.
Hydrol. 480, 33-45. https://doi.org/10.1016/j.jhydrol.2012.12.004.

Ritter, A., Hupet, F., Munoz-Carpena, R., Lambot, S., Vanclooster, M., 2003. Using inverse
methods for estimating soil hydraulic properties from field data as an alternative to
direct methods. Agric. Water Manage. 59, 77-96. https://doi.org/10.1016/S0378-
3774(02)00160-9.

Rorick, J.D., Kladivko, E.J., 2017. Ceral rye cover crop effects on soil carbon and physical
properties in southeastern Indiana. J. Soil Water Conserv. 72, 260-265. https://doi.
org/10.2489/jswc.72.3.260.

Riicknagel, J., Gotze, P., Koblenz, B., Bachmann, N., Lobner, S., Lindner, S., Bischoff, J.,
Christen, O., 2016. Impact on soil physical properties of using large-grain legumes for
catch crop cultivation under different tillage conditions. Eur. J. Agron. 77, 28-37.
https://doi.org/10.1016/j.€ja.2016.03.010.

SAS Institute, Inc, 2013. Statistical Software SAS 9.4. Cary, NC, USA. .

Scanlan, C.A., 2009. Processes and Effects of Root-induced Changes to Soil Hydraulic
Properties. University of Western Australia.

Simtnek, J., Wendroth, O., van Genuchten, M.T., 1999. Soil hydraulic properties from
laboratory evaporation experiments by parameter estimation. van Genuchten, M.T.,
Leij, F.J., Wu, L. (Eds.), Proceedings of the International Workshop, Characterization
and Measurement of the Hydraulic Properties of Unsaturated Porous Media 713-724.

Six, J., Frey, S.D., Thiet, R.K., Batten, K.M., 2006. Bacterial and fungal contributions to
carbon sequestration in agroecosystems. Soil Sci. Soc. Am. J. 70, 555-569. https://
doi.org/10.2136/ss5aj2004.0347.

Soil Survey Staff, 2014. Keys to Soil Taxonomy, 12th ed. USDA-Natural Resources
Conservation Service, Washington, DC, USA 372 pp.

Spitters, C.J.T., Van Keulen, H., Van Kraailingen, D.W.G., 1988. A simple but universal
crop growth simulation model, SUCRO87. In: Rabbinge, R., Van Laar, H., Ward, S.
(Eds.), Simulation and Systems Management in Crop Protection. PUDOC,
Wageningen.

Strudley, M.W., Green, T.R., Ascough, J.C., 2008. Tillage effects on soil hydraulic prop-
erties in space and time: state of the science. Soil Tillage 99, 4-48. https://doi.org/
10.1016/j.5till.2008.01.007.

Tanner, C.B., Jury, W.A., 1976. Estimating evaporation and transpiration from a row crop
during incomplete cover. Agron. J. 68, 239-241. https://doi.org/10.2134/
agronj1976.00021962006800020007x.

Thorup-Kristensen, K., Magid, J., Jensen, L.S., 2003. Catch crops and green manures as
biological tools in nitrogen management in temperate zones. Adv. Agron. 79,
227-302. https://doi.org/10.1016/5S0065-2113(02)79005-6.

Unger, P.W., Vigil, M.F., 1998. Cover crop effects on soil water relationships. J. Soil Water
Conserv. 53, 200-207.

van Diepen, C.A., Wolf, J., van Keulen, H., Rappoldt, C., 1989. WOFOST: a simulation
model of crop production. Soil Use Manage. 5, 16-24. https://doi.org/10.1111/j.
1475-2743.1989.tb00755.x.

Van Es, H.M., Ogden, C.B., Hill, R.L., Scindelbeck, R.R., Tsegaye, T., 1999. Integrated
assessment of space, time, and management-related variability of soil hydraulic
properties. Soil Sci. Soc. Am. J. 63, 1599-1608. https://doi.org/10.2136/sssaj1999.
6361599x.

van Genuchten, M.T., 1980. A closed-form equation for predicting the hydraulic con-
ductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44, 892-898. https://doi.org/10.
2136/s552j1980.03615995004400050002x.

van Genuchten, M.T., Leij, F.J., Yates, S.R., 1991. The RETC Code for Quantifying the
Hydraulic Functions of Unsaturated Soils, Version 1.0. EPA Report 600/2-91/065.
U.S. Salinity Laboratory, USDA, ARS, Riverside, California.

van Keulen, H., 1982. Crop production under semi-arid conditions, as determined by
moisture availability. Simulation of Plant Growth and Crop Production. PUDOC.

Vanclooster, M., Viaene, P., Christiaens, K., Ducheyne, S., 1996. WAVE: Water and
Agrochemicals in Soil and Vadose Environment, Release 2.1. Katholieke Universiteit


https://doi.org/10.1016/j.eja.2008.04.007
https://doi.org/10.1002/esp.1889
https://doi.org/10.2134/agronj1997.00021962008900030011x
https://doi.org/10.2134/agronj2005.0362
https://doi.org/10.1016/j.envsoft.2014.11.024
https://doi.org/10.1016/j.envsoft.2014.11.024
https://doi.org/10.1071/SR9950221
https://doi.org/10.1071/SR9950221
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0075
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0075
https://doi.org/10.1007/s002710050001
https://doi.org/10.1016/j.eja.2010.11.006
https://doi.org/10.2136/sssaj2009.0157
https://doi.org/10.2136/sssaj2009.0157
https://doi.org/10.1016/j.agee.2012.03.021
https://doi.org/10.1061/(ASCE)IR.1943-4774.0000696
https://doi.org/10.1016/j.apsoil.2016.02.006
https://doi.org/10.1016/j.apsoil.2016.02.006
https://doi.org/10.1016/j.geoderma.2018.02.024
https://doi.org/10.1080/01621459.1998.10473766
https://doi.org/10.1080/01621459.1998.10473766
https://doi.org/10.13031/2013.33955
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0125
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0125
https://doi.org/10.1016/S0167-1987(02)00019-3
https://doi.org/10.1016/S0167-1987(02)00019-3
https://doi.org/10.1007/s13593-016-0410-x
https://doi.org/10.1007/s13593-016-0410-x
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0140
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0140
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0140
https://doi.org/10.1029/WR023i001p00105
https://doi.org/10.1029/WR023i001p00105
https://doi.org/10.1029/93WR02931
https://doi.org/10.2136/sssaj1997.03615995006100010022x
https://doi.org/10.2136/sssaj1997.03615995006100010022x
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0160
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0160
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0160
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0160
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0165
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0165
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0165
https://doi.org/10.2136/sssaj1994.03615995005800050029x
https://doi.org/10.1063/1.1699114
https://doi.org/10.1016/j.still.2007.04.003
https://doi.org/10.1016/j.still.2007.04.003
https://doi.org/10.1029/WR012i003p00513
https://doi.org/10.1029/WR012i003p00513
https://doi.org/10.1016/j.agwat.2008.01.005
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/j.still.2014.07.010
https://doi.org/10.1016/j.still.2014.07.010
https://doi.org/10.2136/sssaj1997.03615995006100060006x
https://doi.org/10.2136/sssaj1997.03615995006100060006x
https://doi.org/10.5194/hess-11-1633-2007
https://doi.org/10.5194/hess-11-1633-2007
https://doi.org/10.2136/sssaj2010.0081
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0220
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0220
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0225
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0225
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0230
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0230
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0230
https://doi.org/10.1016/j.jhydrol.2012.12.004
https://doi.org/10.1016/S0378-3774(02)00160-9
https://doi.org/10.1016/S0378-3774(02)00160-9
https://doi.org/10.2489/jswc.72.3.260
https://doi.org/10.2489/jswc.72.3.260
https://doi.org/10.1016/j.eja.2016.03.010
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0255
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0260
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0260
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0265
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0265
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0265
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0265
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.2136/sssaj2004.0347
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0275
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0275
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0280
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0280
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0280
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0280
https://doi.org/10.1016/j.still.2008.01.007
https://doi.org/10.1016/j.still.2008.01.007
https://doi.org/10.2134/agronj1976.00021962006800020007x
https://doi.org/10.2134/agronj1976.00021962006800020007x
https://doi.org/10.1016/S0065-2113(02)79005-6
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0300
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0300
https://doi.org/10.1111/j.1475-2743.1989.tb00755.x
https://doi.org/10.1111/j.1475-2743.1989.tb00755.x
https://doi.org/10.2136/sssaj1999.6361599x
https://doi.org/10.2136/sssaj1999.6361599x
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://doi.org/10.2136/sssaj1980.03615995004400050002x
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0320
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0320
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0320
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0325
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0325
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0330
http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0330

J.L. Gabriel, et al.

Leuven, Leuven.

Vrugt, J.A., Gupta, H.V., Bouten, W., Sorooshian, S., 2003. A Shuffled Complex Evolution
Metropolis algorithm for optimization and uncertainty assessment of hydrologic
model parameters. Water Resour. Res. 39, 1201. https://doi.org/10.1029/
2002WR001642.

Ward, P.R., Flower, K.C., Cordingley, N., Weeks, C., Micin, S.F., 2012. Soil water balance
with cover crops and conservation agriculture in a Mediterranean climate. Field

71

Agricultural Water Management 222 (2019) 62-71

Crops Res. 132, 33-39. https://doi.org/10.1016/j.fcr.2011.10.017.

Willmott, C.J., Robeson, S.M., Matsuura, K., 2012. A refined index of model performance.
Int. J. Climatol. 32, 2088-2094. https://doi.org/10.1002/joc.2419.

Yu, Y., Loiskandl, W., Kaul, H.P., Himmelbauer, M., Wei, W., Chen, L.D., Bodner, G.,
2016. Estimation of runoff mitigation by morphologically different cover crop root
systems. J. Hydrol. 538, 667-676. https://doi.org/10.1016/j.jhydrol.2016.04.060.


http://refhub.elsevier.com/S0378-3774(19)30343-9/sbref0330
https://doi.org/10.1029/2002WR001642
https://doi.org/10.1029/2002WR001642
https://doi.org/10.1016/j.fcr.2011.10.017
https://doi.org/10.1002/joc.2419
https://doi.org/10.1016/j.jhydrol.2016.04.060

	Assessing the cover crop effect on soil hydraulic properties by inverse modelling in a 10-year field trial
	Introduction
	Material and methods
	Field experimental setup
	Field measurements
	WAVE model
	Soil hydraulic parameter identification

	Results and discussion
	Weather conditions and crop development
	Soil hydraulic parameter evolution
	Water balance analysis

	Conclusions
	Funding
	Supplementary data
	References




