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Abstract:
This paper studies the changes of groundwater, climate and land use in the Pampas of Argentina.

These changes offer opportunities and threats. Lowering groundwater without irrigation causes
drought and successive crop and yield damage. Rising groundwater may alleviate drought as capillary
rise supports root water uptake and crop growth, thus narrowing the difference between potential and
actual yields. However, rising groundwater may also limit soil water storage, cause flooding in
metropolitan areas and have a negative impact on crop yields. Changing land use from continuous soy
bean into crop rotations or natural vegetation may decrease groundwater recharge and thus decrease
groundwater levels. In case of crop rotation however, leaching of nutrients like nitrate may increase.
We quantified these impacts using integrated dynamic crop growth and soil hydrology modelling. The
models were tested at field scale using a local dataset from Argentina. We applied distributed
modelling at regional scale to evaluate the impacts on groundwater recharge and crop yields using
long term weather data.

The experiments showed that threats arise from continuous monotone land use. Opportunities are
created when a proper balance is found between supply and demand of soil water using a larger
differentiation of land use. Increasing the areas of land use types with higher evapotranspiration, like
permanent grassland and trees, will contribute to a more stable hydrologic system with more water
storage capacities in the soil system and lower groundwater levels.

Modelling tools clearly support the evaluation of the impact of land use and climate change on
groundwater levels and crop yields.

Keywords: groundwater recharge; capillary rise; land use; soybean; Pampas; Argentina; SWAP;
WOFOST
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1. Introduction

Groundwater recharge results from the dynamic interaction between climate, land use and soil
hydrology as it occurs in the critical zone, a thin portion of the biosphere connecting the lithosphere,
atmosphere and hydrosphere (Amundson et al., 2007). Within this critical zone a dynamic interaction
occurs between soil, atmosphere and water. The variation of this interaction in space and time can be
very large and is influenced by human and natural activities. Especially in flat, poorly drained sub-humid
plains, such as the Argentine Pampas, the Brazilian Pantanal, the Canadian plains of Manitoba and
Saskatchewan and the Great Plains of Hungary and Western Siberia, groundwater rise may cause large
episodic floods (Aragon et al., 2010). This interaction has a large uncertainty which one wishes to
minimize, especially to predict the effects of climate change and land use on groundwater recharge
conditions (Smerdon, 2017). To improve the accuracy of model outputs, proper evapotranspiration data
as upper boundary condition and the use of remote sensing information is recommended (Doble &
Crosbie, 2017).

Mercau et al. (2016) analysed the impact of climate, topography and crop choice on the dynamics of
groundwater table levels for five years on a typical farm in the Western Pampas of Argentina. They
concluded that maintaining crops that increase evapotranspiration and reduce groundwater recharge for
long time periods this should magnify the effects of land use on the dynamics of groundwater tables.

Vazquez-Amabile et al. (2013) applied the field-scale hydrological model DrainMod (Skaggs et al.,
2012) at 12 farms fields within a radius of 100 km in the western Buenos Aires Province. They observed
groundwater table depths generally within 3 meter below the soil surface and concluded that leaching
of nitrate should be considered since 52% of the observations exceeded the threshold of 10 mg/L NOs-
N. A significant proportion of the leached nitrate originates from mineralization of organic matter
(Vazquez-Amabile et al., 2017).

Viglizzo et al. (2009) found correlations between groundwater level and flooding in 12.4 million hectare
of the Pampas in Argentina with highly significant relations in the highlands. They also stated that land
use could be steered to minimize the impact of floods.

A better understanding of the underlying processes by which crops influence groundwater is essential
for the evaluation of different measures to influence groundwater recharge. Garcia et al. (2017) applied
the regional MIKE-SHE model to a sub-basin in Argentina and concluded that land use has strong effects
on groundwater levels. They remarked that land use decisions to control groundwater and minimize
negative effects on agricultural production should have a broad consensus regarding social and physical
aspects. The water contribution from groundwater located approximately 1.5 to 2 m deep can represent
up to 30% of the water requirements of soybeans in the flooding sandy Pampas, thus stabilizing the
inter-annual variability of soybean yields (Videla Mensegue et al., 2015). Sainato et al. (2003) reported
increasing salinity values in groundwater for the region around Pergamino where the aquifer shows an
increase in water salinity to the West.

Aragon et al. (2010) used satellite data and groundwater monitoring wells to analyse the changes of
groundwater depths and surface water amounts of the Western Pampas of Argentina during the flooding
cycle of 1996-2006. They showed that mean regional groundwater levels rose by 2.5 m in 5 years, which
decreased the average vadose zone from 3.7 m to 1.2 m. In the same period, the regional surface water
coverage (ponds, rivers, lakes) increased from 3% to 28% primarily by the development of new water
bodies. This had a huge impact on hydrological connectivity throughout the landscape transport and
flooding risks. Kuppel et al. (2015) extended the hydrologic analysis of the Pampas to the period 2000-
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2013 and included the eastern lower part of the Pampas. They investigated three responses to periods
with increased rainfall: (i) increased water storage leading to rising groundwater tables and floods, (ii)
higher evapotranspiration losses favoured by higher soil moisture contents and capillary rise and, at very
high levels of water storage, (iii) enhanced surface water outflows favoured by the surface water
connectivity. They concluded that the first two responses are dominant: rising groundwater tables and
higher evapotranspiration losses.

A better understanding of the complex interactions between crops and shallow groundwater is therefore
recommended and will help to stabilize yields and balance opportunities and risks caused by the ‘labile
hydrology’ of the Pampas (Nosetto et al., 2009).

With this paper we intend to contribute to a better understanding of the complex interactions between
soil hydrology and crop growth within the critical zone. We analysed the impact of different
groundwater tables and different land use types on groundwater recharge and agricultural production.
An analysis of the water distribution over crops, vadose zone and groundwater is necessary to consider
processes like soil moisture redistribution, root water uptake and capillary rise of groundwater. We
developed a toolbox consisting of a state-of-the-art dynamic simulation model for agricultural crop
growth and a Richards equation-based model for soil water flow.

We used local observations of crop and soil parameters with special attention to a detailed determination
of soil hydraulic properties. Furthermore we analysed the sensitivity of soil hydraulic parameters with
respect to vertical water flow and yields. This is essential to support model and calibration improvement
(De Jong van Lier et al., 2015). After calibration and evaluation we analysed the impact of changes of
land use and rising groundwater level on regional agricultural production using long term climate data.
This study resulted from a case study that was carried out within an EU-project and reported by De Wit
et al. (2017) and Kroes et al. (2017b).

2. Method and materials

2.1. Study Area

The Pampas of Argentina cover a wide plain of about 54 million ha of fertile lands (Viglizzo et al.,
2003). Based on soil and rainfall patterns, the region can be divided into different agro-ecological areas
(Viglizzo et al, 2003): i) Rolling Pampas in the centre of the area, ii) Sub-humid Eastern Pampas, iii)
Semiarid Western Pampas, iv) Southern Pampas, v) North-Eastern Flooding Pampas, and vi)
Mesopotamian Eastern Pampas. Dominating crops are soybean and rotations of the crops maize, wheat
and soybean.

We analysed the relation between groundwater and land use in a study area of about 40 million ha or
75% of the Pampas of Argentina (Fig. 1), using a combination of a hydrological and a crop simulation
model (see following sections). The grid lines indicate the boundaries of the grid cells applied in the
simulation at regional scale. Within the study area we selected 6 sites for the calibration of soybean
parameters; the location of these sites was based on data availability and spread over the area.

Fig. 1. The study area and location of 6 selected sites in the Argentina Pampas. The grid lines delimit
the grid cells applied in the simulation at regional scale.
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2.2. Modelling Tools

We merged different modules for crop, soil water and atmosphere and integrated the two dynamic
models SWAP (acronym for Soil Water Atmosphere Plant) and WOFOST (WOrld FOod STudies).
SWAP is a dynamic soil hydrological model to obtain soil water pressure head values using the Richards
equation (Van Dam et al.,, 2008; Kroes et al., 2017a) that has been applied in many studies
(http://swap.wur.nl/References.htm). WOFOST is a generic crop growth simulation model, of which the
principles are explained by Van Keulen & Wolf (1986) and Boogaard et al. (2014). WOFOST has been
applied in many studies (e.g. Supit et al., 2012; De Wit et al., 2012, Asseng et al., 2013) at different
spatial scales in many regions across the world. In order to simulate the soil carbon and soil nitrogen
influence, we added also the module Soil-N (Groenendijk et al., 2016).

The integrated model (Fig. 2) is distributed on internet as version 4 of the open-source model SWAP
(http://swap.wur.nl).

Fig. 2. Set of dynamic modelling tools integrated in SWAP version 4

The integrated model describes a one-dimensional system that ranges from the top of the soil or
vegetation, to the bottom of the unsaturated or saturated part of the relevant soil system. In this study
we simulated a soil column of 5.5 m.

SWAP numerically solves the one-dimensional Richards equation for the unsaturated-saturated zone:

2 2 ko (2+1)] -0 »

where @ is volumetric water content (cm® ¢m™), ¢ is time (d), z is the vertical coordinate (cm) taken
positively upward, K is the hydraulic conductivity (cmd™), S, is soil water extraction rate by plant roots
(cm?® cm?d ) and £ is the soil water pressure head (cm).

To solve this equation, specified boundary conditions and soil hydraulic relations between 6, & and K
are required. The upper boundary is defined by meteorological conditions which are input to the model
and by a cultivation which can be a static or a dynamic type of crop (Kroes et al., 2017a). In this study
we used the static sub-model for grassland and the dynamic sub-model WOFOST for both the growth
of soybeans and for a crop rotation of soy-wheat-maize.

We used the Penman-Monteith method (Allen et al., 1998) to determine the potential evapotranspiration
which is partitioned over potential transpiration of a crop and potential soil evaporation using the Leaf
Area Index. Extensive descriptions are given in chapter 3 and appendix 1 of Kroes et al. (2017a).
Rainfall is input to the model as daily amounts. Runoff is calculated when the rainfall intensities
supersede the soil infiltration capacity or when the soil profile becomes saturated.

The lower boundary defines the interaction with a regional groundwater flow system. The model has 5
different boundary conditions which are explained in detail by Kroes et al. (2017a). In this study we
applied two types of bottom boundary conditions: a) free-drainage and b) Cauchy bottom boundary
condition. For the Cauchy condition, the flux through the bottom boundary (gs.) is defined by the
difference of the hydraulic head (4+z) at the column bottom and the hydraulic head ¢ (cm) of the regional
groundwater below the flow domain described by the model, divided by a hydraulic resistance ¢ (d).

[h+Z]Z=b0t_¢ (2)

Qpot = c
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We used a constant hydraulic resistance of 500 days and varied the head of the regional groundwater
(¢) to achieve the desired average depth of the fluctuating groundwater level.

As an alternative for the commonly used soil hydraulic functions of Mualem — Van Genuchten (Mualem,
1976; Van Genuchten, 1980), the possibility to supply ©(#) and K(#) relationships as tabulated input is
implemented. In that way any shape of the relationships can be considered. In this study, the tabular
option is used.

The reduction of root water uptake due to too dry or too wet conditions is described according to Feddes
et al. (1978). Sometimes only some parts of the root zone are stressed and show reduction of root water
uptake, while other parts have favourable conditions for root water uptake. In these conditions the
reduction in the stressed parts might be compensated by extra root water uptake in the parts with
favourable conditions. Therefore, we extended the Feddes concept with the compensation concept of
Jarvis (2011).

To simulate soybean growth, the sequential phenological development pattern in WOFOST had to be
adapted. This sequential pattern is typical for cereals and is appropriate for tuber crops (potato, sugar
beet), which are crops with a relative simple development pattern. For soybean a hybrid phenological
development model was developed taking elements from established models for soybean phenology
(Setiyono et al., 2007) but still applying the sequential development stage logic that is needed for
WOFOST. Adjustments have been described in detail by De Wit et al. (2017) and were implemented in
SWAP 4.

We also implemented a soil nitrogen module and used the RothC-26.3 model (Coleman et al., 1997) for
an organic matter module. Both nitrogen supplied to the soil by fertilizer applications and nitrogen
obtained from mineralization of organic bounded nitrogen are stored in the soil. Mineralization rates of
NH4 and NOs control the nitrogen mineralization and immobilization in relation to the processes in the
organic matter cycle.

Ammonium and nitrate balances were calculated on a daily basis. The leaching of nitrate and ammonium
was simulated to be controlled by the stock of mineral N present and the water fluxes leaching through
the root zone.

The nitrogen distribution within a crop is predicted in SWAP 4 based on the method described by Shibu
et al. (2010). The N-contents of crop residues are calculated in the dynamic crop module and then passed
to the Soil-N module.

For soybean we assumed that a large portion of the N, requirement is supplied by N fixation from the
air. Furthermore we assume that other factors, especially phosphorus supply, are not limiting. This
approach is plausible and seems in agreement with Giller (2001) who states that “The main
environmental factors that constrain Nx-fixation in the tropics include limitations of water, nutrients
(particularly phosphorus) and toxicities”.

We assumed that 80% of the required nitrogen comes from N-fixation, a value close to the default input
value of 75% mentioned by Boons-Prins et al. (1993). The remaining demand was assumed to originate
from mineralisation of the organic soil matter. For soybean it implies that nutrient stress can be
neglected. The adaptions for soybean and soil nitrogen in SWAP 4 have been described in detail by
Groenendijk et al. (2016).
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Using this integrated model we intended to account for different feedbacks between atmosphere, plants,
soil characteristics, soil water and nitrogen limited crop growth. This allowed us to analyse in detail the
impact of different land uses on groundwater recharge.

2.3. Field scale

2.3.1. Soil physical properties

A large number of soil layers in Argentina was analysed by (Damiano 2018). He developed a
pedotransfer function to obtain the soil moisture retention and hydraulic conductivity function based
on soil texture data from the Argentina Pampas. The results of this analysis are the parameters of the
Uni-parametric Hutson & Cass (Uni-HC) equations which was processed by Damiano (2018) to
determine the soil data for 8 locations in Argentina (Table 1). The equations of the applied soil
moisture retention and hydraulic conductivity functions are given by Damiano (2018).

We created input tables for the Swap model with these data and it appeared that some parameter
combinations caused a discontinuity in the soil moisture retention curve near the inflection point
which we adjusted by smoothing. This required an additional parameter f(Table 1) which we used to
multiply the pressure head in the wet part of the soil moisture retention curve.

Table 1. Parameters for the Argentinian soils (after Damiano, 2018) used to create the input tables.
See Damiano (2018) for units and explanation.

To verify the procedure we used a data set, obtained from Damiano (Damiano, 2018, personal
communication) with measured values of the retention curves (n =78) of the Pergamino soils (typical
Argiudoll, silty loam; Soil Survey Staff, 2010). Through these data we calculated the optimal
parameters of the equations presented by Damiano (2018). Results are presented in Fig. 3.

Fig. 3. The curve fitted through the points of the measured water retention data of the Pergamino
soil (left) and the correlation between the measured and computed pressure heads for a number of
moisture contents (vight).

The left-hand part of Fig. 3 shows the fitted line and the measured soil moisture retention points. In the
right-hand part of Fig. 3 the measured and computed values are plotted against each other, showing a
rather good agreement.

2.3.2. Parameter calibration for soybean

Data for soybean field tests originated from different sites and were supplied by RECSO (Red
Nacional de Evaluacion de Cultivares de Soja) and UNR (National University of Rosario experiments)
(De Wit et al., 2017). The observations consisted of field data from 1259 experiments over the period
2011-2013 (sowing year) for five different sites: Zavalla, Venado Tuerto, Rafaela, Manfredi and La
Carlotta (Table 2 and Fig. 1).

Calibration procedures resulted in a set of parameter for WOFOST under optimal conditions. Procedure
and results are extensively described by De Wit et al. (2017). This set was applied in the integrated
SWAP-WOFOST model to allow more detailed analyses of groundwater impact.

Since the purpose of the simulations with the integrated model had a focus on the water balance it was
necessary to simulate actual yields. This required an additional calibration where we used a so-called
management factor to minimize the yield gap, the difference between simulated and observed actual
yields. Such a management factor accounts for pests, diseases and farm management, all of them not
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explicitly accounted for. Our aim was to achieve a single representative value for the management factor
which could then also be applied at a regional scale.

Table 2 Properties of selected sites to test model results at field scale. Sites 2-6 were used for
calibration with local field observations and for a 25 year comparison with actual yields from official
statistics at county level.

2.3.3. Verification of predicted soybean yields at county level

To verify the calibration results we simulated a longer time series using the boundary conditions from
the regional simulations. Results of the 6 sites were compared with official statistics at county level for
6 cases that are located in the same region as the sites with experiments (Table 2). For the 6 cases we
varied sowing dates (Table 2) and we assumed a harvest date of 05-April or at maturity, whichever
was earlier. Official soybean yield statistics at county level (Min. AGPA, 2016) were converted to dry
matter weight, assuming an average 13% moisture content.

2.3.4. Parameter calibration of maize and wheat

To be able to analyse a crop rotation scheme that consisted of soybean, maize and wheat we tested
maize and wheat for a long time series using official statistics at county level and meteorological data
for the site San Antonio de Areco (Table 2 and Fig. 1).

We calibrated the maize and wheat input files. For both crops we started with default data sets for the
model WOFOST7.1.7 (WofostControlCentre, 2018). We then applied artificial fertilizer (50% NH4-N
and 50% NOs-N) at a level of 200 kg/ha N, using a fertilization scheme based on data obtained from
field visits in Argentina (Table 3). We calibrated the crop parameters using official yield statistics at
county level (Min. AGPA, 2016).

Table 3 Fertilization scheme for maize and wheat.

2.3.5. Sensitivity analyses

To demonstrate the interaction of input parameter on various output values, impact response surfaces
(IRS) are commonly used in crop modelling (Fronzek et al., 2018). We investigated the influence of
the soil physical properties of the top soil layer (20 cm) on the flux through the bottom of the root
zone, which may have positive (upward) or negative (downward) values. We focused on the crop
soybean because it is the predominant crop in the region and in our analysis.

We used the results of the calibrated soybean simulation in Zavalla, including meteorological data for
four years (2011-2014). Because it was expected that groundwater depth had a large influence on the
results, we performed this exercise for eight different groundwater table regimes varying from -500 to
-150 cm. The influence of the soil physics of the top layer was investigated by changing saturated
moisture content and saturated conductivity input values with a specified percentage. These
percentages varied between -50% and +50% with 2% steps.

2.4. Regional scale

An analysis of time and space variations of actual yields and groundwater recharge was carried out
using a distributed modelling approach.

We introduced five different groundwater conditions and three different land use types which we
analysed for their impact on crop yield and groundwater recharge.
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2.4.1. Spatial schematization using soil, climate and land use

Spatial schematization was similar to the work by De Wit et al. (2017).

Overlays of maps from different gridded data sets for soil, climate and Gyga-ED zonation were made
(De Wit et al., 2017). We used the detailed ISRIC WISE30sec soil map (Batjes, 2015), gridded
datasets with meteorological information and a resolution of 0.25 degrees (Fig. 1). The overlays
resulted in 2842 unique calculation units which were used for distributed simulations. We used the
same local weather data for the 6 selected sites (Table 2) and for the distributed modelling. To
evaluate the accuracy an independent evaluation set was constructed and made available by INTA
(Instituto Nacional de Tecnologia Agropecuaria) using daily data of 178 stations. For each station the
most nearby grid cell was selected for each different data source. Minimum and maximum
temperature, radiation and precipitation were included. In the vegetation and drought monitoring
domain data are usually available at decadal time steps. Finally, it was decided to use different sources
of meteorological data for precipitation and global radiation (De Wit et al., 2017).

The rainfall amounts show large temporal differences (Fig. 4) with dry years like 1989 and 2008 that
have a low median rainfall of 700 mm yr"! and wet years like 2003 and 2012 that have a median
rainfall of about 1200 mm yr!. The wettest years are 2002 and 2012 with values of more than1600
mm yr.

Fig. 4. Rainfall (mm yr) in the Pampas for the years 1989 — 2015; values are given with a spatial
variation as boxplots with median, quartile and extreme rainfall within all grids applied for the
distributed modelling.

The spatial differences of rainfall are large (Fig. 5) especially in wet years 2002 and 2012. Rainfall
increases from northwest to southeast.

Fig. 5. Rainfall (mm yr”') in the dry year 2008 (left) and in the wet year 2012 (right)

For the evaluation of land use changes it was assumed that all grids have a dominant land use of either
soybean, a crop rotation of soybean-wheat-maize or permanent grassland.

2.4.2. Soil physical parameters

Hydrologic analyses usually involve the evaluation of soil water infiltration, redistribution,
percolation, capillary rise and plant-water relationships. To define the hydrologic soil water effects,
knowledge of soil water characteristics for water potential and hydraulic conductivity is required.
Although measuring these relationships in the field or laboratory is advised to obtain the best results,
these measurements are time-consuming and expensive, especially if they have to be done for a large
area. Statistical correlations can be found between these soil properties and other, more easily
measurable soil variables such as texture, organic matter (OM), and structure. These pedotransfer
functions (ptf) can provide estimates sufficiently accurate for many regional analyses and decisions
(Saxton and Rawls, 2006). For European soils the HYPRES (HY draulic PRoperties of European Soils)
database of pedotransfer functions (ptf’s) has been developed (Wosten et al., 1999). For ptf’s of soils
from all over the world, another database has been created (Batjes, 2015). The main advantage of
these databases is that they enable a direct link between the soil map and the soil physical
characteristics. Recently, a review of the present state of ptf’s has been published (Van Looy et al.,
2017).

For Argentina Damiano (2018) developed and calibrated ptf’s using local data (section .2.3.1). We
applied these ptf’s to generate soil physical input parameters which we used in our regional analyses.
Soil texture parameters for the ptf’s were taken from Batjes (2015).
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2.4.3. Increasing groundwater levels

We simulated five different groundwater levels ranging from a depth of more than 5.5 meter to 1
meter below the soil surface (Table 4). The deepest groundwater level was simulated using free
drainage as bottom boundary conditions and the other four groundwater levels were simulated using a
Cauchy bottom boundary condition. This condition was preferred instead of using a fixed groundwater
level, because it generates more realistic fluctuations of groundwater levels and especially more
realistic fluxes across the bottom boundary. This becomes especially relevant when simulating
transport of several solutes simultaneously, like we did for salinity and nitrate.

We analysed the five different bottom boundary conditions (BBC) using a vertical hydraulic resistance
of 500 days and five different regional hydraulic heads (Table 4) in the groundwater aquifer below the
simulated soil column of 5.5 m.

Table 4 Different bottom boundary conditions (BBC) applied in the regional analyses.

2.4.4. Land use evaluation with a crop rotation scheme and permanent grassland

We analysed the impact of land use changes by changing the land use soybean into i) crop rotations
and ii) permanent grassland. These land use changes may well be introduced in practice and occurred
in past and present as was described by several authors (Viglizzo et al., 2009; Nosetto et al., 2013;
Garcia et al., 2017).

For 3 crops (soybean, wheat and maize) used in a rotation, a preliminary test was executed to obtain
realistic yields and phenology (paragraph 2.3.3 and 2.3.4). Subsequently a 25 year period was
simulated using a 5-year crop rotation block consisting of the crop rotation sequence listed in Table 5
and fertilizer levels the same as at field scale (Table 3). We introduced a 5-year rotation to allow an
introduction of 2 types of early soybean that are characterised by different dates for sowing and
harvest (Table 5).

Table 5 A 5-year crop rotation sequence applied in the regional analyses.

For permanent grassland we used the static modelling option, with a fixed leaf area index and rooting
depth development, independent of climatic conditions and no simulation of crop yields. The leaf area
index was fixed at a low value of 1.0 and the rooting depth at a value of 30 cm. With these values a
low productive permanent grassland with limited transpiration is simulated.

We applied free-drainage as bottom boundary condition for the evaluation of land use (Table 4, BBC
nr 1).
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3. Results
3.1. Field scale

3.1.1. Soybean calibration

Observed and simulated actual yields for the site in Zavalla (Fig. 6) showed a good fit for the harvest-
years 2012-2014. Calibration of the crop parameters resulted in an average potential yield of 5.9 ton
ha''. There is a relatively large difference between the simulated potential and simulated actual yields.
The difference between potential and attainable yield was reduced by a management factor which was
manually calibrated to a value of 0.88 and resulted in an average yield reduction of 0.7 ton ha'. The
management factor of 0.88 accounts for crop yield reduction processes, such as weeds, pests and
diseases, which cannot be explained/described by our model. This value was regarded acceptable to
explain the difference between potential and attainable yield as discussed by Van Ittersum et al.
(2013), who mentioned values ranging from 0.75 to 0.85. The remaining difference between potential
and actual yield was largely caused by drought during the three years. Finally a mean actual yield of
3.2 ton ha! was simulated and regarded as a good result given the small difference of about 0.2 ton ha"
! between simulated and observed actual yields.

Fig. 6. Results for soybean at the site Zavalla: simulated and observed harvested yield of soybeans (kg
ha' dry matter) for the calibration years 2011-2014

3.1.2. Actual soybean at six sites compared with official statistics at county level

We extended the simulations in space and time using 6 locations for a comparison with official
statistics at county level.

A result for Zavalla is given in Fig. 7 showing simulated and observed yields for the period 1990-
2010, a period for which statistics and model results were available. Simulated yields are higher than
observed ones, indicating that we are not able to simulate all stress accurately. Our simulations for the
Zavalla field neglect differences caused by variation in soil type, drainage condition and management.
The statistics we used for comparison do have this variation in space and time. Given these differences
in variation we think a long term yield difference of 856 kg ha™! crop season™ is acceptable (Fig. 7).

Fig. 7. Results for soybeans at the site Zavalla: Top left graph shows simulated and observed yields
(kg ha' DM) from official statistics at county level for the period 1990-2015. Top right shows boxplot
with median, quartile and extreme values. Lower graph shows the actual yields (kg ha”! DM) during
the period 1990-2015

The average of simulated and observed (official statistics at county level) values show that simulated
results show differences similar to the statistics. The largest statistical differences (mean error ME and
root mean square error RMSE) occur for Manfredi Rafaela (Table 6).

Table 6 Observed and simulated soybean yields (kg ha' DM): Actual and potential simulated yield
(Yaer and Ypo)) and observed yield (Yons) and the difference between actual yield and observed yield
(Yaip) given as average values for the period 1990-2015. Simulated values result from the integrated
model SWAP. Observations result from official statistics at county level.

3.1.3. Maize and wheat

A result of the comparison for San Antonio de Areco for grain maize (Fig. 8a and Fig. 8b) and wheat
(Fig. 8c and Fig. 8d) showed simulated and observed yields for the period 1990-2010, a period for
which statistics and model results were available.
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Resulting mean yields are within acceptable ranges. The differences within the statistical observations
are larger than the differences within simulation results because the official statistics at county level
include all spatial differences, while the simulations results are based on one soil type, drainage
condition and management factor. Furthermore the simulated yields of both maize and wheat show
much less variation than the observed yields which may also be caused by the use of one cultivar and
less variation in soil types and drainage conditions than occurs within the region.

Fig. 8. Results for grain maize (a and b) and wheat (c and d) in San Antonio: Upper graphs show
simulated and observed yields (kg ha DM) from official statistics at county level for the period 1990-
2015. Lower graph shows boxplot with median, quartile and extreme values.

3.1.4. Sensitivity analysis

The impact of changes of hydraulic conductivity and moisture content on yield, groundwater recharge,
vertical water flow to/from the root zone and runoff was analysed and results are given as IRS-charts of
the yearly average values in Fig. 9. Results show that both changing conductivity and moisture content
influence the resulting yield and groundwater recharge. Crop yields are especially affected by a low
hydraulic conductivity and moisture content (Fig. 9a and Fig. 9b). The analyses of the effect of soil
physical parameters on groundwater recharge (Fig. 9c and Fig. 9d) show a larger sensitivity for hydraulic
conductivity than for saturated moisture content. A more detailed analysis will be given by Wesseling
et al (in prep).

Fig. 9. Results of the sensitivity analysis: Impact on yield (kg ha™ yr') of K, and O;using a
groundwater level at an average depth of 500 cm (a) and 200 cm (b), and impact on groundwater
recharge or bottom boundary flux (qvo in mm yr') using a groundwater level at an average depth of
500 cm (c) and 200 cm (d).

3.2. Regional scale

3.2.1. Historical situation from 1990-2015

For the historical situation a soil hydrological situation with deep groundwater (>5.5 m below the soil
surface) was assumed. This situation was simulated with the model SWAP using a hydrological
bottom boundary condition of free-drainage (Table 4, BBC nr 1).

The average results of the spatially distributed simulations for the period 1990-2015 show an actual
soybean yield (Y.c;) of 2.8 ton ha! DM (Dry Matter) and an upward and downward flux across the
bottom of the root zone of respectively 99 and 72 mm crop season™! (Table 7). The average downward
flux across the bottom of the soil profile (groundwater recharge) is 209 mm yr.

The actual yields and the groundwater recharge in dry 2008 and wet 2012 are presented in Fig. 10 and
Fig. 11. Soil types can be recognised in the spatial patterns of yield and groundwater recharge.

The groundwater recharge has relatively low median values, but shows a large spatial and temporal
variation. In the wet year 2012 groundwater recharge is highest with values of more than 150 mm yr!
in the soils in the NE part of the area.

Fig. 10. Dry year 2008: Actual yields (kg ha™ DM) (left) and groundwater recharge (mm yr)

Fig. 11. Wet year 2012: Actual yields (kg ha' DM) (left) and groundwater recharge (mm yr”)

13/18



562

563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588

589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608

609

610
611

20181116_SoilHydro Argentina JoopKroes etal Text.docx

3.2.2. Changes of groundwater levels

Five different drainage conditions were assumed in the simulations (Table 4) which resulted in
fluctuating groundwater levels at depths of more than 5 meter to 1 m below soil surface. We analysed
the impact of drainage conditions on yields and groundwater recharge.

Actual yields of soybean generally benefit when non-saline groundwater gets closer to the root zone.

Actual soybean yields generally benefit when non-saline groundwater gets closer to the root zone. This
was similarly predicted by our calculations showing a yield increase from 2.8 to 4.4 ton ha'! with
increasing groundwater levels (Table 7). The upward flux to the root zone is 99 mm even in the case of
free-drainage and increases to 249 mm when the groundwater level becomes shallow. This upward flux
can be partitioned over a recirculation flux and capillary rise (Kroes et al., 2018). In free-drainage
scenarios the upward flux is due to recirculation of percolation water and in the other scenarios with
groundwater this upward flux is the sum of recirculation and capillary rise.

Simulated crop transpiration increases from 421 to 530 mm during the cultivation period due to upward
water fluxes caused by capillary rise and recirculation (Table 7). The average rainfall is 928 mm yr;
runoff increases and is highest in years with shallow groundwater. As groundwater levels increase, the
downward flux across the bottom of the soil profile decreases from 209 mm yr! to an upward flux of
110 mm yr! under conditions with shallow groundwater.

The simulated flux across the root zone shows positive (upward) values (capillary rise) which
increases as groundwater rises and a downward flux which is low and constant (Fig. 12). The increase
is caused by the demand of the crop, which is reflected in an increasing yield as function of the
upward flux across the bottom of the root zone (Fig. 13). The net flux across the bottom of the root
zone increases with a rising groundwater level (Fig. 14), but the net flux across the bottom of the soil
profile changes from a downward recharge to an upward extraction which will result in a lowering of
the shallow groundwater (Fig. 14).

Table 7 Simulation results for soybean: average values for the period 1990-2015. Hydraulic head as
bottom boundary condition and average groundwater level (Gwl), actual yield (Yae) and
potential yield (Y,o), actual transpiration (T..), vertical flux across the bottom of the root zone
during crop growth season, q;? is upward, qggis downward flux, qRet= q;? - qgg, actual
evapotranspiration from soil and crop (ETa), and vertical flux across the bottom of the soil

profile (qsot, positive values are upward, negative values are downward)

Fig. 12. Vertical water flux (qven in mm crop season™) across the lower boundary of the root zone as
function of average groundwater level (m below soil surface); results for 5 different hydrological
lower boundary condition; upward flux is positive, downward flux is negative

Fig. 13. Average actual yields (in kg ha”' DM) as function of upward water flux (mm crop season™)
across the lower boundary of the root zone

Fig. 14. Vertical water flux qvere (mm) across the lower boundary of the root zone (upper figure) and

across the lower boundary of the soil profile (lower figure) as function of average groundwater table
(m below soil surface), results for 5 different hydrological lower boundary condition; upward flux is
positive, downward flux is negative

3.2.3. Changes of land use

Three types of land use were simulated with free-drainage conditions: i) no tillage soybean, ii)
rotation of maize-soybean-wheat, iii) permanent grassland.
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The long term difference in average values of simulated groundwater recharge between crop rotation
and soybean is about 1% (Table 8) which is small but has a large spatial and temporal variation with
median changes of groundwater recharge that vary between 90% reduction and 55% increase.
Permanent grassland reduces long term average groundwater recharge with 72% from 209 to 59 mm
yr!' (Table 8) and has a similar large spatial and temporal variation with median changes of
groundwater recharge that vary between 94% reduction and 6% increase

Both the upward and downward vertical flux across the root zone are largest under permanent
grassland due to the longer growing season. The downward flux across the bottom of the root zone is
highest below grassland, but the bottom flux that contributes to groundwater recharge is lowest under
permanent grassland due to its large recirculation flux (Table §).

Table 8 Simulation results for soybean, a crop rotation and permanent grassland: average values for
the period 1990-2015. Free drainage as bottom boundary condition for the 3 cases. Actual yield

(Yuer) and potential yield (Y,o), actual transpiration (Tu.), vertical flux across the bottom of the
root zone during crop growth season, q;IZ) is upward, qR%is downward flux, qRet = q;g — qf,
actual evapotranspiration from soil and crop (ET..), and vertical flux across the bottom of the

soil profile (qsor, positive values are upward, negative values are downward).

3.2.4. Changes of land use and nitrate leaching

A comparison was made for the nitrogen leaching under free-drainage conditions with soybean and the
crop rotation. Results show that the nitrate leaching below a crop rotation is about 17% higher than the
nitrate leaching below soybean (Fig. 15a). Mean values of nitrate leaching for soybean and crop
rotation are respectively 2.3 and 2.7 kg ha™! yr'! N. Mean values for ammonium are 0.2 and 0.3 kg ha!
yr'! N for respectively soybean and crop rotation. Leaching of ammonium hardly occurs because, if
ammonium is produced by mineralisation of organic matter, it is rapidly transformed into nitrate by
nitrification. The leaching of nitrate shows a large temporal and spatial variation with a larger
variation for the crop rotation (Fig. 16b) than for soybean (Fig. 16a).

When one divides the leaching of nitrate-N (2.7 kg ha! yr'! N) over the groundwater recharge (gz.r in
Table 8) this results in an estimated yearly average level of nitrate leaching of about 1 mg 1! NOs-N.
However if one regards the downward leaching of water from the rootzone (66 mm crop season™') the
leaching of nitrate has a concentration of 4.1 mg I"' NOs-N which is below the drinking water standard
of 10 mg I'! for NO;-N. In some regions higher values are found (Martinez et al., 2014) with large
differences in space and time (Aparicio et al., 2008).

Fig. 15. Boxplots with results of downward leaching flux (kg ha™ yr' N) of NOs-N ( a) and NHN (b)
across bottom of soil profile below crop rotation (left) and soybean (right) under free-drainage
conditions.

Fig. 16. Boxplots with results of downward leaching flux NOs-N (kg ha™ yr'' N) across bottom of soil
profile below soybean (a) and crop rotation (b).
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4. Discussion

Results for actual yields show a large variation for field sites within a region. Aramburu Merlos et al.
(2015) estimated actual yields for a larger part of Argentina to be 2.65 ton ha™!, based on statistics. We
simulated actual yields of 2.79 ton ha! DM (Table 7). The relatively small difference can be caused by
many reasons, such as other groundwater level fluctuations, a different soybean variety or a poor
estimate of the management impact .

The calculated soybean evapotranspiration shows a good agreement with results from Nosetto et al.
(2012) who determined 670 mm yr! which is close to the 692 mm yr'! we calculated (Table 8) as long
term average for a larger area and a long time series.

In order to lower groundwater levels and reduce the risk of flooding, groundwater recharge should be
reduced. A minor reduction will be achieved by changing from monoculture soybean to crop rotations
and a larger change will be achieved by changing to other types of land use like permanent grassland
or trees. These land use systems will decrease groundwater recharge and contribute to lowering of
groundwater levels.

The recommendation for grassland and trees is in agreement with a study by Nosetto et al. (2012) who
determined, for a region just north of our study region, high evapotranspiration of 1100 mm yr! for
native forest and eucalyptus plantations compared to 670-800 mm yr™! for herbaceous canopies.

Mercau et al. (2016) explored the impact of different crops on groundwater levels and concluded that
crops do not have a substantial effect on the longer term dynamics of the water table. High groundwater
levels offer an opportunity which should be carefully considered. It increases capillary rise, allows a
more intensive use of irrigation and a higher variety of crops. Frequent on-farm and regional monitoring
of groundwater levels should support cultivation strategies.

The simulations showed the sensitivity of yields, evapotranspiration and groundwater recharge for soil
physical parameters. Soil physical properties play an important role in the distribution of the
precipitation excess. We applied the ISRIC WISE30sec soil map (Batjes, 2015) with world soil property
estimates and used it to transform soil texture into model parameters using so-called pedo-transfer (ptf)
functions. Several datasets are available for different scales. Montzka et al. (2017) describe a global
dataset based on ROSETTA (Schaap et al., 2001) applied to the SoilGrids1km data set of Hengl et al.
(2014). Van Looy et al. (2007) give an overview of ptf’s and recommend not to use ptf’s beyond the
region or soil type from which it was developed. The soils of the Pampas are very a-typical, therefore
we refined the parameterisation using local and regional datasets. We used the ISRIC soil map in
combination with local soil physical data from Damiano (2018). Further improvements can be achieved
using more local soil information.

Long term NT (No Tillage) of soybean cultivation may cause a platy structure of soils in the Argentina
Pampas (Sasal et al, 2017a and 2017b) which will have impact on the partitioning of the precipitation
excess over surface and subsurface runoff and groundwater recharge. This impact is mainly caused by
a rooting depth reduction due to the poor permeability of the platy structured soils. We used a model
experiment for the Zavalla site where we varied the maximum rooting depth to quantify the impact of
platy soil structure on yield and groundwater recharge. Results show that the actual yields may be
reduced from about 2.7 to 1.7 ton ha! DM and the groundwater recharge may increase from 246 to
331 mm (Fig. 17).

16/18



701
702
703
704
705

706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

739

740
741
742
743
744
745
746
747

20181116_SoilHydro Argentina JoopKroes etal Text.docx

Fig. 17. Results of limited rooting depth on actual yield and on groundwater recharge qgo:.
Actual yield (kg ha”' DM) and groundwater recharge as flux across bottom of soil profile (qso = Gvert
in mm yr') as function of maximum rooting depth (cm).

Lowering groundwater without irrigation causes drought and successive crop and yield damage. In the
Pampas of Argentina irrigation is marginal. However, rising groundwater may offers more
opportunities for irrigation which may increase, contribute to increased evapotranspiration and, as a
consequence, lower the groundwater again.

Salinity is an important issue when saline groundwater rises above critical levels (Nosetto et al.
(2013). Salinity control measures were evaluated for the Mendoza area by Kupper et al. (2002) who
applied the regional hydrological model SIMGRO and concluded that using more groundwater is an
effective measure to control salinity in the root zone.

We carried out a regional scale analyses with a salinity level of 3 g I'! in the upward seepage water
flux across the bottom boundary for situations with average groundwater levels at 2 and 1 meter below
the soil surface. Results showed a very low impact on soybean yields. However, this is not
representative for the relation between land use and salinization which should be analysed in a broader
perspective (Nosetto et al., 2013) because for more salt-sensitive types of land use an increase of
salinity may have a large impact.

The use of remote sensing was limited in this study, but future developments will facilitate the
increase of its use. Land use maps at field scale level like crop type (needed for rotations) are not easy
to obtain for Argentina. New procedures are being developed at INTA to generate new land use maps
and facilitate the choice of meteorological data.

This study does not account for all features that influence groundwater recharge. The impact of
geological controls in subsoils, impact of steep slopes and processes like ponding are only partially
covered and can definitely be improved.

A regional analysis with real-time observations of groundwater levels was beyond the scope of this
study. However, several monitoring sites exist (Aragon et al., 2010; Kuppel et al., 2015) and
intensification is under way. This may support early warning systems (Viglizzo et al., 2009) and
enable a regional study using realistic groundwater levels as bottom boundary or as calibration in
future studies.

Opportunities are created when a proper balance is found between supply and demand of soil water
using a larger differentiation of land use. Increasing the areas of land use types with higher
evapotranspiration, like permanent grassland and trees, will contribute to a more stable hydrologic
system with more water storage capacities in the soil system and lower groundwater levels.

5. Conclusions and recommendations

Based on several modelling exercises the findings can be summarized as:

e Groundwater recharge from the unsaturated zone and from the root zone shows large differences
and should be analysed separately;

¢ Rising groundwater has an impact on agricultural production with large spatial and temporal
differences;

e Rising groundwater may reduce groundwater recharge (negative feedback);

e Crop rotations may increase the risk of nitrogen leaching when compared to monoculture no-
tillage soybean;
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e  Multi-crop rotations may decrease groundwater recharge when compared to monoculture no-
tillage soybean;

e Platy soil structure under no-tillage soybean reduces yields and increases groundwater recharge;

o Increasing the areas of land use types with higher evapotranspiration, like permanent grassland
and trees, will contribute to a more stable hydrologic system with more water storage capacities in
the soil system and lower groundwater levels;

e Monitoring of groundwater levels at field and regional scale should be intensified to support early
warnings systems and future studies;

e Model analyses support the search to find a proper balance between positive and negative impacts
of land use changes.
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Table 1 Parameters for the Argentinian soils (after Damiano, 2018) used to create the input tables.
See Damiano (2018) for units and explanation.

Code | Location b PSle (y.) | PSIi (y;) | Theta (6;) | D K f/

Ar Arrecifes 6.94 | 10.8 17.5 0.451 0.026 | 0.045 | 0.849
AD Arroyo Dulce | 6.98 | 11.0 17.9 0.449 0.027 | 0.046 | 0.872
Go Gouin 7.52 | 133 21.5 0.472 0.024 | 0.045 | 0.959
Pe Pergamino 7.52 | 14.6 23.7 0.456 0.024 | 0.058 | 0.874
Ra Ramallo 7.75 | 16.8 27.2 0.462 0.023 | 0.026 | 0.860
Ro Rojas 7.38 | 15.7 25.5 0.435 0.025 | 0.081 | 0.759
SL Santa Lucia 7.61 | 14.4 23.4 0.467 0.024 | 0.037 | 0.938
VT Venado Tuerto | 7.42 | 13.1 213 0.446 0.024 | 0.063 | 0.914

Table 2 Properties of selected sites to test model results at field scale. Site 2-6 were used for
calibration with local field observations and for a 25 year comparison with actual yields from
official statistics at county level.

Site Nr Site Name Meteo station Longitude Latitude CaseNr Sowing date
1 San Antonio de Areco  San Antonio de Areco -59.58 -34.23 2317 I-nov
2 Zavalla Zavalla UNR WS -60.88 -33.02 1626 14-nov
3 VenadoTuerto Venado Tuerto Aero -61.95 -33.75 2030 14-nov
4  Rafacla Rafaela INTA WS -61.55 -31.18 806 24-nov
5 Manfredi Manfredi INTA WS -63.77  -31.82 1000 14-nov
6  LaCarlota Rio Cuarto Aero WS -64.23 -33.12 1881 14-nov
Table 3 Fertilization scheme for maize and wheat.
Crop Date of application  Dosage (kg ha™!)
Maize 03 October 50
Maize 15 November 150
Wheat 01 June 125
Wheat 01 August 75

Table 4 Different bottom boundary conditions (BBC) applied in the regional analyses.

BBC nr | Regional groundwater head (m below soil surface)
1 >5.5 (Free drainage)

2 4

3 3

4 2

5 1

Table 5 A 5-year crop rotation sequence applied in the regional analyses.

Crop Date Sowing Date Harvest

Maize 01 October year 1 15 April year 2
Early Soybean 01 November year 2 25 April year 3
Wheat 01 July year 3 30 November year 3
Late Soybean 01 December year 3 01 August year 4
Maize 01 October year 4 15 April year 5
Early Soybean 01 October year 5 15 April year 6
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Table 6 Observed and simulated soybean yields (kg ha”' DM); Actual and potential simulated yield
(Yac: en Ypor) and observed yield (Yois) and the difference between actual yield and observed yield (Yay)
given as average values for the period 1990-2015. Simulated values result from the integrated model
SWAP. Observations result from official statistics at county level.

Location Yot Yact Y obs Y aifr
1_SanAntonio 5813 3064 2408 656
2 Zavalla 5853 3265 2408 856
3 VenadoTuerto 5907 2775 2537 238
4 Rafaela 5527 3185 2264 921
5 Manfredi 5799 3164 2003 1161
6 LaCarlota 5874 2659 1908 751
Average 1-6 2255 3019 764 764

Table 7 Simulation results for soybean: average values for the period 1990-2015. Hydraulic head as
bottom boundary condition and average groundwater level (Gwl), actual yield (Yu) and
potential yield (Y,o), actual transpiration (T..), vertical flux across the bottom of the root zone
during crop growth season, q;g is upward, qggis downward flux, qRet= q;g - q,%g, actual
evapotranspiration from soil and crop (ETae), and vertical flux across the bottom of the soil

profile (qsor, positive values are upward, negative values are downward).

:Zj;aullc Gwl Yar Yoot  Tax  Qpy QRS qR¢®  Rain Runoff ETat  Qsot
m- soil m-soil  kghal kghal mm mm mm mm mm mm mm mm
surface  surface DM DM season! season? season! season? yr! yrl yrl yrl
>5.5 6 2792 5753 421 99 72 27 928 18 692 -209

4 4 3127 5753 447 125 73 52 928 22 719 -180

3 3 3567 5753 479 159 74 85 928 34 755 -132

2 2 4085 5753 513 205 73 132 928 74 809 -41

1 1 4435 5753 530 248 60 188 928 163 871 110
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Table 8 Simulation results for soybean, a crop rotation and permanent grassland. average values for
the period 1990-2015. Free drainage as bottom boundary condition for the 3 cases. Actual yield
(Yuer) and potential yield (Y,o), actual transpiration (T,.), vertical flux across the bottom of the

. up . .
root zone during crop growth season, q RIZ’ is upward, qgg is downward flux, q

net _
RZ

up do
Arz — 4rz

actual evapotranspiration from soil and crop (ET..), and vertical flux across the bottom of the
soil profile (qsor, positive values are upward, negative values are downward).

D(e:zzfi otion  Yet  Yeor  Taa qre  q%% qR¢Y  Rain  Runoff ETex  Qsot
kg hal kghal mm mm mm mm mm mm mm mm

DM DM season! season! season? season yrt yrt yrt yrt

soybean 2792 5753 421 99 72 27 928 18 692 -209
crop rotation 2878 7439 345 70 66 5 924 17 695 -206
grassland 599 168 215 -47 924 20 832 -59
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Figures

Fig. 1. The study area and location of 6 selected sites in the Argentina Pampas. The grid lines
delimit the grid cells applied in the simulation at regional scale
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Fig. 2. Set of dynamic modelling tools integrated in SWAP version 4
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Fig. 3. The curve fitted through the points of the measured water retention data of the Pergamino

soil (left) and the correlation between the measured and computed pressure heads for a number of
moisture contents (right).
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Fig. 4 Rainfall (mm yr') in the Pampas for the years 1989 — 2015, values are given with a spatial
variation as boxplots with median, quartile and extreme rainfall within all grids applied for the
distributed modelling.
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Fig. 5 Rainfall (mm yr”) in the dry year 2008 (left) and in the wet year 2012 (right)
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Fig. 6. Results for soybean at the Zavalla site: simulated and observed harvested yields of soy beans

(kg ha™! dry matter) for the calibration years 2011-2014
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Fig. 7. Results for soybean at the site Zavalla: Top left graph shows simulated and observed yields
(kg ha' DM) from official statistics at county level for the period 1990-20135. Top right shows
boxplot with median, quartile and extreme values. Lower graph shows the actual yields (kg ha™' DM)

during the period 1990-2015
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Fig. 8. Results for grain maize (a and b) and wheat (c and d) in San Antonio.: Upper graphs show
simulated and observed yields (kg ha-1 DM) from official statistics at county level for the period 1990-
2015. Lower graph shows boxplot with median, quartile and extreme values.
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Fig. 9. Results of the sensitivity analysis: Impact on yield (kg ha™ yr') of K, and O, using a groundwater
level at an average depth of 500 cm (a) and 200 cm (b), and impact on groundwater recharge or bottom
boundary flux (qvo in mm yr') using a groundwater level at an average depth of 500 cm (c) and 200 cm (d).
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Fig. 11. Wet year 2012: Actual Yields (kg ha DM) (left) and groundwater
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Fig. 12. Vertical water flux (qven in mm crop season™) across the lower boundary of the root
zone as function of average groundwater table (m below soil surface), results for 5 different
hydrological lower boundary condition; upward flux is positive, downward flux is negative.
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Fig. 13. Average actual yields (in kg ha' DM) as function of upward water flux (mm crop season’
!) across the lower boundary of the root zone
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Fig. 14. Vertical water flux qver (mm) across the lower boundary of the root zone (upper
figure) and across the lower boundary of the soil profile (lower figure) as function of average
groundwater table (m below soil surface), results for 5 different hydrological lower boundary
condition, upward flux is positive, downward flux is negative.
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Fig. 15. Boxplots with results of downward leaching flux (kg ha™ yr' N) of NOs-N (a) and
NH4-N (b) across bottom of soil profile below crop rotation (left) and soybean (right) under
free-drainage conditions.
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Fig. 16. Boxplots with results of downward downward leaching NOs-N flux (kg ha™ yr’' N) across
bottom of soil profile below soybean (a) and crop rotation (b).
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Fig. 17. Results of limited rooting depth on actual yield and on groundwater recharge qso:.
Actual yield (kg ha”! DM) and groundwater recharge as flux across bottom of soil profile (qso = qvercin
mm yr’!) as function of maximum rooting depth (cm)
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