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Abstract

The economy of the semiarid region of the Argentine Pampas is based mainly on agriculture, so climate change is a fact
that may have great influence on this type of activity. Therefore, it is necessary to evaluate future climate scenarios and the
responses of hydrological variables such as precipitation, actual (ET,.,;) and potential evapotranspiration (ET,), and recharge
rate. Climate change scenarios were based on temperature and precipitation variations predicted by CMIPS. Four representa-
tive concentrations pathways (RCP) were considered according to different greenhouse emissions to the atmosphere for
the nearby future until the end of the twenty-first century (RCP2.6, RCP4.5, RCP6.0 and RCP8.5). Furthermore, one more
scenario called RCP0.0 was considered, which is related to the actual climate conditions and represents the base line. In the
study area, nitrogen (N) fertilization is a widely used practice to increase crop yields. This work assesses the impact of future
climate on soil water fluxes and N compounds fate based on numerical simulations carried out with HYDRUS 1D. Actual
evapotranspiration is going to increase between 1 and 6% from low to high climate-change scenarios. Although an increase
in precipitation is also expected during all months of the year, there are periods when water availability will not be enough
to supply the new potential evapotranspiration demand. The worst case is RCP8.5, where the ET,.,/ET, ratio is expected
to decline by 4%. Annual recharge is expected to decrease by 2.5% in the RCP2.6 scenario, while the rest of the scenarios
shown positive trends. N leachate in the form of nitrates showed an increase of 2.8% in the RCP4.5 scenario which was also
the one with the highest recharge rate raise. The use of a mathematical model as a predictive tool in soil water fluxes and
fertilizers use is essential for planning the sustainable management of agroecology adapted to climate changes.
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1 Introduction

Global climate change is a key research topic, as it will
have a direct impact on crop production, natural hazards
frequency, air temperature increase, soil degradation by
nutrients leachate and decrease in freshwater availability
(Rao et al. 2016). According to the IPCC (2014) the global
surface temperature is projected to increase by 3.7° C by the
end of the twenty-first century. In addition, the intensity of
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climate conditions is expected to be more extreme, increas-
ing the severity of droughts and floods.

Climate change will undoubtedly affect agriculture
(Abera et al. 2018) and the sustainability of agriculture
systems needs to be addressed for each particular situation.
Regional climate changes have a direct impact on agricul-
tural and livestock production (Ghahramani and Moore
2016; Henry et al. 2018), with serious consequences for
social-ecological sustainability and food security (Almaz-
roui et al. 2021). This may be the case of the semiarid region
of Argentine Pampas, where water resources are very sensi-
tive to climate variability. Since the 1960s an increase in
crop yields in the Pampas region has been observed, fos-
tered by both technology and climate trends. The increase
in spring and summer rainfall observed in several regions of
Argentina, favored annual crops productivity and the inclu-
sion of new lands for agriculture (Barros et al. 2015). Barros
et al. (2000) indicated a total annual precipitation increase of
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about 30% between 1956 and 1991 for the central and east-
ern Argentine region. This climate changes favor an impor-
tant agricultural expansion over semiarid steppes (Barros
et al. 2008). However, severe drought had also affected this
region during the last century, having serious impacts on
crop production (Podesta et al. 2009; Abraham et al. 2016).
For the reasons listed above, the semiarid pampas are sensi-
tive to climatic fluctuations, so it is necessary to evaluate
the impact of future climate change over soil water fluxes.

Nitrogen (N) fertilization is an important management
practice to increased grain yield (Barbieri et al. 2008). In the
south Pampas intensive cropping with conventional tillage
has led to a deterioration of soil fertility. A reduction in soil
organic matter increased soil erosion and exacerbated N defi-
ciency problems (Studdert and Echeverria 2000). Nowadays,
soil capacity to sustain abundant crop production is artifi-
cially maintained by external fertilization to restore nutrient
levels (Carbonetto et al. 2014). However, when excessive N
input exceeds crop demand, N could be loss to the environ-
ment via multiple pathways. Ammonia (N-NHj;) volatiliza-
tion is one of the major N losses from soil fertilization. The
worldwide losses present an average value of 14% (range
from 10 to 19%) of the used N fertilizers (Ferm 1998). Fer-
tilizer losses is not only an economical problem, also the
release of nitrate (N-NOs) to the environment is considered
the most problematic pollutant in intensive agricultural pro-
duction areas (Zupanc et al. 2011). Due to its mobility in the
soil, nitrate leaching can occur at and after harvest as well
as during the crop cycle because of excessive irrigation or
heavy precipitation (Saadi and Maslouhf 2003; Zhou et al.
2006; Phogat et al. 2014). According to world databases
nitrate N lost by leaching is assumed to be 30% of applied
fertilizer N (Wang et al. 2019). Fertilizer inputs are consid-
ered one of the major concerns in the environmental impact
of agronomical systems. Climatic conditions will regulate
soil water flows, but also the fate of N compounds derived
from fertilizers.

Several climate models were developed to predict the cli-
mate change. Those models are developed at a global scale
from general circulation models (GCMs) or at a regional
scale by dynamical downscaling of GCMs obtaining
regional climate models (RCMs) (Cabré et al. 2016). The
IPCC have made available a set of climate simulations and
scenarios that is known as Couple Model Intercomparison
Project Phase 5 (CMIP5) (Kharin et al. 2013). The CMIP5
depends on several global and/or regional climate models
from research institutes worldwide. CMIP5 is based on more
sophisticated climate models and a new suite of forcing sce-
narios compared to its predecessor CMIP3. Four different
representative concentration pathways (RCPs) (IPCC 2013),
have been defined according to four different concentration
levels of greenhouse gases emissions. The IPCC assesses
climate change according to the future development of
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mankind along with the associated environmental and socio-
economic impacts.

Numerical models are an efficient tool to predict water
fluxes and solute transport in soil (Akbariyeh et al. 2018).
The HYDRUS code (Siminek et al. 2013) has proven its
applicability in a myriad of research studies. Several works
have tested the code capacity to represent N compounds
transport in soil (Hanson et al. 2006; Phogat et al. 2014;
Li et al. 2015; Igbal et al. 2016; Karandish and Siminek
2017). The HYDRUS code has also been applied in project-
ing climate-change effect over soil water fluxes and solute
transport. Wang et al. (2021) studied climate-change effects
on soil water dynamics of maize in Chinese croplands.
Similarly, Ferreira et al. (2021) evaluated climate and soil
water variations in corn crops. Haj-Amor and Bouri (2020)
evaluated the effects of future climate on soil salinization.
Morales et al. (2016) applied HYDRUS software to simu-
late the fate and transport of N under actual and changing
climate scenarios.

In this work, we evaluate the impact of climate change
on soil water fluxes and the fate of N compounds derived
from the most used synthetic fertilizer, urea (46% N). For
this purpose, a synthetic climate series was developed by a
stochastic weather generator for the semiarid region of the
Argentine Pampas. Then, five climate scenarios based on
IPCC predictions for different RCPs were considered and
the HYDRUS software was applied to simulate vadose zone
fluxes for a period of 100 years. Knowing the evolution of
soil water content and the fate of N under future climates
will be fundamental for planning the development of a sus-
tainable agriculture, both in economic and environmental
terms.

2 Material and Methods
2.1 Study Area and Soil Properties

The study area is located within the southwestern region of
Buenos Aires Province (38°—40° S; 60°-62° W), Argentina
(Fig. 1). According to the world climate classification of
Koppen—Geiger, the region is a transition between the sub-
humid temperate climate of the Pampas plain and the semi-
arid climate of Argentine Patagonia. The annual mean tem-
perature is 15.3 °C (maximum annual mean temperature of
22.1 °C and minimum annual mean temperature of 8.5 °C)
and the annual mean rainfall is 593 mm (series 1956-2020).
Maximum rainfall occurs in spring and autumn. Meanwhile,
winter and summer are the driest seasons (Scherger et al.
2021). In the region, cereal crops (mainly wheat and barley)
are usually grown continuously during winter, in rotation
with sunflower or with a year-long fallow in between crops
(Schmidt et al. 2018). Additionally, several forages and
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Fig. 1 Location map of the study area

grazing pastures are cropped to feed livestock. The forage
crops (e.g. oats, corn, sorghum, and rye) are cultivated under
conventional tillage. Rotation pasture composed mainly of
alfalfa and gramineous plants are followed by four or more
years of grain crops (Quiroga et al. 1999). In all cases, crop
yields are limited by water availability.

Most soils of the Pampas were developed from loess
deposits and are mainly Mollisols (Rimski-Korsakov et al.
2015). Particularly, in the study region the dominant soils
classified as Petrocalcic Paleustolls, Entic Haplustolls and
Typic Haplustolls (Diaz-Zorita et al. 2002; Noellemeyer
et al. 2006; Schmidt et al. 2018). In the region, soils have
suffered erosive process by long-term exposure to intense
winds and led to coarse textures of the surface horizons
(Amiotti et al. 2001). The dominant texture is sandy loam
coexisting alongside other soils that preserve loess original
finer textures.

2.2 Climate Change Scenarios

The IPCC (2013) in its assessment report included the atlas
of global and regional climate forecast for seasonal pre-
cipitation and temperature changes from 70 regions of the
Earth. The predicted climate changes were calculated using
a set of global and/or regional models called CMIPS5. In this
study, four representative concentrations pathways (RCP)
established by the IPCC (i.e., RCP2.6, RCP4.5, RCP6.0
and RCP8.5) were considered to evaluate climate-change
scenarios. These RCPs established different greenhouse
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emissions to the atmosphere for the nearby future until the
end of the twenty-first century. RCP2.6 compromises the
lowest emissions scenario, and it considers an increase of
2.6 W m~2 in the radiative forcing. RCP4.5 and RCP6.0 are
the two intermedium emissions scenarios, predicting a radia-
tive forcing increase of 4.5 and 6.0 W m~2, respectively. The
highest emissions scenarios (RCP8.5) considers an increase
of 8.5 W m~2. Not adopting any measure to reduce the emis-
sions of greenhouse will led to situation between scenarios
RCP6.0 and RCP8.5 (Greve et al. 2018). Following the
strategy of other studies (Valdes-Abellan et al. (2020)), a
fifth scenario called RCP0.0 was also considered, which its
related to the actual climate conditions and represents the
base line of the study area. The climate-change predictions
evaluated in this study corresponds with the 50th percentile
of the temperature and precipitation variations projected by
CMIPS for the southeastern South America region (Table 1).

2.3 Climatic Series Generation

The meteorological data used in the study were obtained
from the AERO-Bahia Blanca weather station (38° 43 3.15”
S, 62°9'55.81” W), supported by the Argentinian National
Meteorological Service. Meteorological data on a daily
scale were available for the period 1956-2020 (64 years).
These data were used to produce synthetic series for the
study area of daily precipitation, minimum and maximum air
temperature, by the weather generator CLIGEN (Nicks et al.
1995). CLIGEN generates, besides the previous ones, a set
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Table 1 Temperature (°C) and

.. L. Temperature (°C)
precipitation (%) variations for

Precipitation (%)

each climate-change scenario Dec-Jan-Feb  Mar—-Apr—May  Jun-Jul-Aug  Sep—Oct-Nov = Oct-Mar  Apr—Sep

for the southeastern South

America region according RCP2.6  0.8250 0.792 0.7788 0.8644 0.830 0.420

to the IPCC (2013) and 50th RCP4.5  1.6925 1.6549 1.4856 1.5936 3.720 4.240

percentile of the CMIPS RCP6.0  2.0580 2.0832 1.6850 1.9949 3.840 3.680
RCP8.5  3.7735 3.6174 3.4324 3.7916 5.730 7.060

of different meteorological variables such as radiation, wind
velocity or dew temperature. All variables are generated at
a daily scale. CLIGEN demands a complete set of statistical
data to correctly produce synthetic data, statistically equal
to the observed climate. Among the required statistics by
CLIGEN there is the mean, standard deviation, and skew-
ness for precipitation at a monthly scale, the probabilities
of a wet day after a wet day and a dry day after a wet day,
the minimum and maximum values of air temperature were
incorporated as the mean and standard deviation for each
month of the year.

A synthetic weather series of 1000-year was created,
which represents the actual climate conditions and was
assigned to the RCP0.0 scenario. Meanwhile, the 1000-
year synthetic series was modified according to tempera-
ture and precipitation variation from Table 1, and represent
the climate-change scenarios RCP2.6, RCP4.5, RCP6.0
and RCP8.5, respectively. Random 100-year series were
obtained from it to reproduce the different scenarios.

2.4 Numerical Model

The HYDRUS 1D code (Siminek et al. 2013) was applied
to simulate urea transport in the soil under different climate
conditions. The software is a mathematical code, which
allows the resolution of the modified Richards equation for
unsaturated water flow and convection—dispersion equation
for solute transport. HYDRUS 1D allows the simulation of
multiple solutes subject to first-order decay reactions, such
as nitrogen

2.4.1 Water Flow

One-dimensional unsaturated water flow was simulated
according to the modified Richards equation:

0 0 oh

— =—|K(h)—| - S,

ot 0z [ ( )61]

where 0 is the volumetric water content (-), 4 is the pressure
head (L), ¢ is time (T), z is the vertical position (L), S is a sink
term that represent the water extraction by roots (T~!) and
K(h) is the unsaturated hydraulic conductivity (LT™"). The

@ Springer

hydraulic model was proposed by van Genuchten—Mualem
(van Genuchten 1980):

Szm

°~ 9.0 = [1+ @™

Ky =K1 - -5

where S, is the effective humidity, 6, and 6, (—) are the
residual and saturated water contents respectively, a (L™!) is
related to the inverse of the air-entry suction (4,), n and m (=)
are empirical parameters dependent on soil properties, where
m=1-1.n"", and I (-) is the pore conductivity, which has a
value of 0.5 as an average of different soils (Mualem 1976).

The root water uptake model was described by Feddes
et al. (1974):

S = a(h)S.,,

where a(h) is a dimensionless water stress response function
(0<a<1)and S, is the potential water uptake. Root water
uptake is null under or near soil saturation (#;) or under
greater pressure heads than the wilting point (h,). Tran-
spiration rate is maximum as « equals 1 when h, <h <h;.
For the ranges of hy<h<h; and h, <h<h; transpiration
decrease linearly as the pressure head decrease or increase,
respectively. The values for the current crop were taken from
Wesseling (1991) for pastures (h;=-10 cm; h, =25 cm;
hs y=—200 cm; h;y ,=— 800 cm; and s, =— 8000 cm). The
maximum rooting depth was assumed as 80 cm.

2.4.2 Solute Transport

Urea degradation can be expressed in a sequential first-order
decay chain as (Siminek et al. 2013):

00C,  0S,  dg,
+p— +a,—
ot P ot & ot

0 oC, 0 0C, 0q;C,
=—|0DV— —(aDf— ) - —=
02(0 ! az>+az<“v "oz 0z

- ”w,keck - #s,kpsk — Mg k4 8k + ruw,k—lgck—l
+ Hop1PSi—1 + /"g,k—lavgk—lke(27 ”5)7
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where C, S and g are dissolved (ML), solid MM™!) and
gaseous phase (ML) concentrations respectively, p is the
bulk density (ML™?), z is spatial coordinate (L), D, and D;,
are the effective dispersion tensor for the dissolved and gase-
ous phases (LT, ¢ is volumetric flux density (LT, Mo
ps and p, are the first-order decay constants for the liquid,
solid and gaseous phases (T~!), respectively. These constants
are connected between each individual species in the chain,
with k being the ordinal number and n being the number of
solutes in the chain.

Urea (CO(NH,),) is hydrolyzed by heterotrophic bacte-
ria after its placement in the soil to form ammonium ion
(N-NH,). According to soil pH and temperature, N-NH,
can be transform to N—NH3(g) and be lost to the atmosphere
(Kissel et al. 2008). The dissolved phase (C) was consid-
ered in equilibrium with the gaseous phase (g) according
to Henry’s law:

g:CXKh,

where K, is the Henry’s constant.

N-NH, is usually absorbed to solid components of the
soil, diminishing its leaching potential. The adsorption pro-
cess was considered as an instantaneous process between
soil solution and interchangeable sites, and could be express
in its linear form as:

S=CxKy,

where K is the soil-water partitioning coefficient.

The remaining ammonium in soil is transformed under
aerobic conditions by the action bacteria in two steps, first to
nitrites (by Nitrosomas) and then to nitrates (by Nitrobacter).
Nitrites are an intermediate product, and its formation reac-
tion is generally much faster than nitrification of ammonia
(Hanson et al. 2006). The final product of the decay chain of
urea is nitrate (N-NO;), which is not retained by solid parti-
cles and presents great leachate potential. The solute trans-
port parameters used in the simulations (Table 2) were taken
as the mean values used in the bibliography for agronomic
soils. The hydrolysis first-order decay constant is normally

between the range of 0.2-0.56 day~' (Eltarabily et al. 2019;
Shafeeq et al. 2020). Nitrification of ammonium to nitrites
and then nitrates was couple into one unique reaction using
the rate constant: 0.2 day~. Values for nitrification showed
in the literature are very diverse, being 0.2 day~! (Hanson
et al. 2006; Akbariyeh et al. 2018), 0.02-0.5 day -1 (Lotse
et al. 1992) and from 0.4 to 0.6 day~' (Shafeeq et al. 2020).
Denitrification process was not accounted, as it can be con-
sidered negligent under aerated conditions (Gérdends et al.
2005). As the objective of this study was to determine the
influence of climate conditions over nitrogen compounds
transport rate, the reactions parameters were fixed constant
during the simulated time (100 years) and under the different
climate-change scenarios.

2.4.3 Domain Properties and Boundary Conditions

Water flow was simulated in a one-dimension vertical pro-
file of 100 cm deep. Simulations were made on a daily time
scale for 100 years (36,500 days). The time discretization
(days) was as follows: initial time step 0.001, minimum
time step 1E—5 and maximum time step 5. Soil hydraulic
parameters were estimated based on Rosseta pedotransfer
function (Schaap et al. 2001) for a sandy loam texture. An
atmospheric boundary condition was considered for the
upper boundary and a free drainage boundary condition for
the lower boundary. Daily precipitation and potential evapo-
transpiration were introduced into the model according to
each climate-change scenario. The reference evapotranspi-
ration (ET) was calculated based on Hargreaves method
(Hargreaves and Samani 1985) according to the minimum
and maximum air temperature. The crop evapotranspiration
(ET,) was calculated based on the single crop coefficient (K)
(Allen et al. 1998):

ET, = ET, x K_,

where K, was taken as 0.75 for extensive grazing pastures
at middle-end growing season. The effect of both crop tran-
spiration and soil evaporation are integrated into a single
crop coefficient.

Table 2 Solute transport Solute K,Lke™) K, () u,(day™)  p (day™)) D, (cm*day”") D, (cm?®day”!)
d h h n w
parameters used in the §
numerical modeling Urea—N - - 0.38% - 1.52° -
N-NH, 3.5° 0.000295° - 0.2° 1.52° 18,057.6°
N-NO, - - - - 1.64° -

K, soil-water partitioning coefficient, K;, Henry’s constant, y;, hydrolysis first-order decay constant, u, nitri-
fication first-order decay constant, D,, molecular diffusion coefficient in free water, Dg molecular diffusion

coefficient in soil air
#Hanson et al. (2006)
®Li et al. (2015)
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For solutes transport, boundary conditions were assumed
as Cauchy type or third type. This condition is used to pre-
scribe the concentration flux along a boundary segment
(gimﬁnek et al. 2013). To compare different climate scenar-
ios effect over urea and N compounds fate, only one fertiliza-
tion schedule was incorporated into the model. The reference
input of urea (46% N) was assumed as 33 kg N Ha™' year™".
Solute was considered to enter the soil dissolved in a sheet of
water of 10 mm (C=0.33 mg N cm™). The numerical model
did not account solute extraction by roots. This fact could
be justified as this amount of N corresponds to the excess of
total N applied with respect to the need of any crop under
inappropriate soil management. Wang et al. (2019) informed
that the global use of N fertilizer input for various crop from
46 counties is around 109 kg N Ha™!' year™' The current
global mean N leaching derived from synthetic fertilizer is
calculated as 30% by the IPCC (IPCC 2006).

2.5 Statistical Analysis

The relationship between variations in the output variables
and climate change were analyzed based on the Pearson
correlation coefficient (7). This statistical index, ranges
from — 1 to 1, where positive values indicate similar trends
between variables while negative values indicate an opposite
behavior. The correlation was statistically significant only if
the p value was lower than the significance level (e.g., 0.01).
The data set involved the mean monthly change for each
variable at the end of the twenty-first century with respect to
the reference period (RCP0.0) under all four climate-change
scenarios. As exposed by Saadatabadi et al. (2021), the
response of hydrological variables produced by precipita-
tion or temperature change could present a lag time. So, the
analysis was carried out considering both, a non-time-lagged
correlation, and a time-lagged correlation (1 and 2 months).

3 Results and Discussion
3.1 Validation of Climate Setups

A synthetic climate series was created for the study area
based on antecedent meteorological data. Figure 2 shows
the comparison between the mean measured and predicted
precipitation for each month of the year. The predicted val-
ues by the weather generator correctly represents rain con-
ditions for the 64-year series. Although, monthly rainfall
estimated by the weather generator is lower for some month
of the year, the predicted yearly average precipitation differs
only 3% from the measured value. Overall, rainfall distribu-
tion along the year is well characterized as the coefficient of
determination (R?) presents a value of 0.99.
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The new synthetic climate series was modified accord-
ing to each climate-change scenario predicted by the IPCC.
Figure 3 shows the predicted mean annual precipitation
(Fig. 3a) and the mean monthly precipitation (Fig. 3b) for
the five future climate scenarios. The climate-change sce-
narios correspond to the expected increase of precipitation
by the end of the twenty-first century (2081-2100). The
annual mean precipitation had a value of 598 mm, 617 mm,
617 mm, and 631 mm for the scenarios of RCP2.6, RCP4.5,
RCP6.0 and RCP8.5, respectively. As seen in Fig. 3a, the
average yearly rainfall value is always higher than the
median, suggesting that the number of wet years in the
series is lower than the dry years. Although high values of
precipitation for these years increase the average value of
the series. Extremes values, for both wet and dry years are
marked as outliers in the box chart. The outliers were defined
as the 5% and 95% percentile, equivalent to annual precipi-
tation lower than 420 mm (RCP0.0)—460 mm (RCPS8.5),
or higher than 840 mm (RCP0.0)—870 mm (RCPS.5).
Regarding the annual distribution of rainfall, the greater
increases of precipitation is expected for spring and sum-
mer seasons (Fig. 3b). As these months, also corresponds to
the period of higher water demand for evapotranspiration,
climate change could be initially considered as a positive
variation for the semiarid Pampas, as more water would be
available for crops. However, precipitation increase will be
also accomplished by an increase in air temperature for all
seasons. Thus, it is necessary to evaluate soil water storage
alongside actual evapotranspiration and deep-water drainage
to asseverate this fact. Otherwise, an increase in precipita-
tion for all scenarios could also be related to higher leachate
of N in this region.
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Fig. 3 Variation in precipitation
for the five climate scenarios.
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3.2 Potential and Actual Evapotranspiration

As stated by the IPCC (2013), in the Southeast South
American region the annual temperature is expected to
increase around 0.8 °C for the lowest greenhouse emissions
scenario (RCP2.6) and 3.7 °C for the worst scenarios for

Fig.4 Evapotranspiration for
each climate-change scenario.
a Box-whisker plot of annual
potential evapotranspiration
for a grazing pasture. b Box-
whisker plot of annual actual
evapotranspiration according
to HYDRUS 1D simulation.
The central line indicates the
median; the top box edges
indicate the 25th and 75th
percentiles, respectively; the
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climate change (RCPS.5). In all cases, summer temperatures
are expected to increase more than winter temperatures.
Thus, annual temperature variations between seasons will
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for all month of the year, so water demand by plants and
atmosphere is going to increase as well, as shown in Fig. 4a.
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Calculated mean values of ET, ranged from 980 mm under
the actual climate conditions (RCP0.0) and 1083 mm under
the highest temperature rise scenario (RCP8.5). For this last
scenario, water demand will increase approximately 10.5%.
However, an increase in precipitation is also expected for
this region. Thus, the actual evapotranspiration (ET,.,)
will also be slightly increased from 548 mm in RCPO0.0 to
553 mm (+0.91%), 568 mm (+ 3.65%), 568 mm (+ 3.65%),
and 581 mm (+6.02%) in RCP2.6, RCP4.5, RCP6.0 and
RCP8.5 scenarios, respectively (Fig. 4b).

An increased in annual rainfall in the semiarid Pampas,
could be considered as a positive variation. However, the
increase in precipitation will not cover the new potential
water demand by plants. Figure 4c illustrates the mean per-
centage change in the potential and actual evapotranspira-
tion at the end of the twenty-first century with respect to the
reference period (RCP0.0) under the four changing climates.
From low to high climate-change scenarios, increases in
potential evapotranspiration are greater as higher tempera-
ture raises are expected for all month of the year. Moreover,
for the same scenario the variations are quite similar during
all months. However, changes in actual evapotranspiration
do not show a homogeneous trend throughout the year. The
new atmospheric demand is mostly satisfied between April
and June. Nevertheless, the increase in actual evapotranspi-
ration during August-February is much smaller showing that
water availability is not going to be equitable throughout
the year.

Figure 5a shows the ET,.,; to ET, ratio for all future cli-
mate scenarios. This ratio is a measure of plant water supply
in relation to plant water requirement. According to Yao
(1974), values close to 0.90 can be assumed as optimum
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Fig.5 a Box-whisker plot of the relation between potential and actual
evapotranspiration for the set of 100 years. The central line indicates
the median; the top box edges indicate the 25th and 75th percentiles,
respectively; the whiskers extend to the most extreme data points not
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water requirement and values lower than 0.60 can be con-
sidered as requiring irrigation for crop growth.

Under the RCPO0.0 climate conditions, the mean water
demand satisfied by precipitation is around 56%, thus crop
yields are limited by water availability in current climate.
This condition is expected to be worse for all changing cli-
mates. Water demand by plants satisfied by rainfall is dimin-
ishing by 1.5% (RCP2.6), 1.0% (RCP4.5), 1.9% (RCP6.0)
and 4.1% (RCP8.5). In semiarid region with rain-fed agricul-
ture and livestock, variation in thermal and rainfall extremes
can affect the structure of agroecosystems (Ferrelli et al.
2019). These reductions will have to be countered by irriga-
tion or alternatively, the agricultural production could be
reduced (Valdes-Abellan et al. 2020). Furthermore, water
stress for crops is expected to increase more in the warmer
seasons than the cooler seasons of the year as shown in
Fig. 5b. For the medium to high end scenarios, the ET,,;
to ET, ratio is expected to decline by 3—6% in spring and
2-5% in summer months. Instead, the ratio is expected to
only decrease 1.5-2.2% in autumn and 1.8-2.5% in win-
ter. According to CIMPS projections temperature increases
are higher from September to February, while precipitation
variations are more important from April to September.
Almazroui et al. (2021) suggest that precipitation is becom-
ing more seasonal in the future climate for South America
region, whatever of the net change. If dry periods coincide
with the warmer months, the consequences on crops in the
region will be worse, especially in the RCP6.0 and RCP8.5
scenarios.
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3.3 Soil Water Storage and Deep-Water Drainage

Figure 6a shows the mean monthly saturation index for the
topsoil (15 cm) simulated by HYDRUS 1D for each climate-
change scenario during the 100 years series. Overall, vari-
ations in water contents for the one-meter soil profile are
very limited. Soil water contents are expected to decrease
for all month of the year in all changing climates. In all
cases, moisture contents are higher for autumn and win-
ter and lower for spring and summer. As explained before,
evapotranspiration is greater in warmer months, thus soil
water storage decreased during these seasons. The number
of days where the soil is drier than the average is greater than
the number of days where the soil is wetter. As the climate-
change scenarios implicate a gradual increase in both, pre-
cipitation and temperature, most of the new input of water
from precipitation is consumed by the evapotranspiration
process. Excessive heat might dry the soil and inhibit veg-
etation growth (Ferrelli et al. 2021). Temperature increases

affects crops’ flowering, delaying the growing season, and
shortening the critical period, resulting in diminishing yields
(Fernandez-Long et al. 2013). However, as the increase in
temperature is accompanied by an increase in precipitation,
soil dryness is dampened. Figure 6b shows the percentual
variation in the saturation index for the topsoil with respect
to the reference period (RCPO0.0) in all four future changing
scenarios. It should be highlighted that the average moisture
contents are expected to be lower for RCP2.6 than RCP4.5
changing scenarios. In the RCP4.5 scenario, the annual
temperature increase would be only around 1.6 °C, but the
increase in rainfall would reach 4%. Under this condition,
soil water contents were very similar to moisture evolution
according to the current climate (RCP0.0). The most signifi-
cant changes corresponded to the RCP8.5 scenario where the
mean monthly moisture contents may decline by 0.7-1.6%
between August and December.

Similarly, the deep-water drainage present slight vari-
ations between the scenarios. The annual average value
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Fig.7 a Box-whisker plot of average annual deep-water drainage
according to HYDRUS 1D simulation. The central line indicates the
median; the top box edges indicate the 25th and 75th percentiles,
respectively; the whiskers extend to the most extreme data points not
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red ‘4 symbol. b Percentual changes in deep drainage at the end of
the twenty-first century with respect to the reference period (RCP0.0)
under all four future scenarios
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of deep drainage was estimated as 43.8 mm (7.36% rain-
fall), 42.6 mm (7.11% rainfall), 46.6 mm (7.53% rainfall),
45.2 mm (7.31% rainfall) and 45.6 mm (7.21% rainfall)
for the RCP0.0, RCP2.6, RCP4.5, RCP6.0 and RCP8.5
scenarios, respectively (Fig. 7a). These values are consist-
ent with those established by Carrica and Lexow (2004)
for the study area by different hydrogeological methods.
The authors estimated that recharge represents between 7
and 8.5% of precipitation under current climate conditions.
Recharge plays a major role in groundwater availability,
as well as in assessing the vulnerability of aquifers to con-
tamination (Scanlon et al. 2002). Although net changes in
deep drainage between scenarios are limited, important
variations in the monthly components of recharge are rec-
ognized. Figure 7b shows the percentual changes in deep
drainage at the end of the twenty-first century with respect
to the reference period (RCP0.0) under all four future sce-
narios. The annual variation in deep drainage was esti-
mated as — 2.5%, +5.9%, +3.0% and + 4.2% for low to
high changing climate scenarios, respectively. The RCP2.6
scenario shows a negative variation in deep drainage for all
month except March. In contrast, the rest scenarios show
positive variations in recharge during most of the year.
Increase in extreme events of precipitation could be linked
to this process. In semiarid regions, water balance tends
to be negative when expressed on annual basis. However,
precipitation can exceed potential evapotranspiration in
certain months of the year and net recharge may occur
(Montoya et al. 2019). Beigi and Tsai (2015) found that
the potential recharge rate is most sensitive to precipita-
tion variation than temperature change comparing differ-
ent climate-change scenarios for various regions of North
America. The increase of recharge in medium to high
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climate changing scenarios is a remarkable result. Water
supply for irrigation of fields and livestock maintenance
mainly comes from the exploitation of the phreatic aquifer
in the semiarid region of the Pampas (Carrica and Lexow
2004; Montoya et al. 2019). Thus, the predicted increase
in crop water demand could be supplied by groundwa-
ter exploitation without harming resources except for the
RCP2.6 scenario.

3.4 N Compounds Fate

The fate of N compounds derived from the use of urea were
analyzed for the five climate conditions. Nitrogen losses
due to volatilization of ammonia and nitrate leachate were
chosen as reference parameters to compare the impact of
climate change on solute transport. Both parameters relate
to economic and environmental impacts of agriculture
activity. Figure 8a shows the percentual changes in ammo-
nia volatilization at the end of the twenty-first century with
respect to the reference period (RCP0.0) under all four future
changing scenarios. Overall, the mean emission of N-NH; is
approximately 4 kg N ha™! (12% of applied urea-N). How-
ever, slight variations are recognized in the annual amount
of volatilize ammonia when comparing to the actual climate
conditions. In the RCP2.6 scenario ammonia volatilization is
expected to increase 0.3%. In middle to high changing sce-
narios, ammonia volatilization is going to decrease by 0.75%
(RCP4.5), 0.43% (RCP6.0) and 0.26% (RCP8.5). Ammonia
volatilization is influenced by soil properties such as soil pH,
moisture, soil texture, as well as climate conditions such as
air temperature, light, wind speed, and precipitation (Kissel
et al. 2008). As simulations were run for the same soil pro-
file, variations are only related to climate conditions. Small
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differences in the volatilization rate are correlated with low
moisture variations for the topsoil. According to Pelster et al.
(2019), water contents directly influence ammonia volatiliza-
tion. Maximum losses are expected where there is sufficient
soil water to facilitate urea hydrolysis, but still enough air to
allow for rapid flow. Water fills up soil micropores first, pro-
moting preferential gas flow through macropores. As water
contents increases, these larger pores are also fill, reducing
gas diffusion rates.

Figure 8b shows the percentual variation in nitrate lea-
chate at the end of the twenty-first century with respect to the
reference period (RCP0.0) under all four future scenarios.
The greater average value of N-NO; leachate corresponds
to the RCP4.5 scenario, being approximately 86.18% of
total applied urea-N. This amount represents an increase of
2.8% respect to the actual climate conditions. In the RCP4.5
scenario, the higher value of deep-water drainage was also
determined. As expected, nitrate leaching is related to soil
bottom water fluxes. Groundwater vulnerability to contami-
nation by nitrate leaching increases in medium to high cli-
mate-change scenarios. As the recharge rates increases the
amounts of N transported to the aquifer will also be higher.
Long and Sun (2012) suggested that monthly precipitation
and nitrate leaching losses are significantly correlated. The
lower amount of average N-NO; leachate corresponds to
the RCP2.6 scenario. The mean annual nitrate leachate is
expected to decrease by 3.3%. As shown previously this cli-
mate scenario, was the only one with a decline in recharge
rates. The RCP6.0 and RCP8.5 scenarios showed the most
extreme rates of change compared to the current climate.
Although the mean response indicates leaching values sim-
ilar to RCPO0.0, there are years where both increases and
decreases of up to 50% are observed. Raises in nitrate lea-
chate could relate to the occurrence of more extreme pre-
cipitation that allow the rapid transport of nitrates to the
aquifers. Contrary, dry years could be assigned to null N
leaching. Nitrates accumulated in the soil during these years

could be washed off in humid years, generating leachate of
much greater quantities than the annual input of urea—N to
the profile.

3.5 Statistical Analysis

The Pearson correlation analysis was applied to establish
the relationship between changes of output variables in
response to precipitation and temperature variation for all
changing future scenarios. Table 3 shows the statistical index
calculated for the non-time-lagged correlation and the time-
lagged correlations (one and two months). The relationship
between precipitation and the reference evapotranspiration
(ET,) was not calculated as the last one only depends on
temperature. Precipitation showed a significant positive
correlation with ET,,; and deep drainage. In the first case,
the highest Pearson correlation coefficient (r) was obtained
for the non-time-lagged correlation. Instead, deep drainage
showed an improvement of “r” in the time-lagged corre-
lation with a 2-month delay. This may relate to the time
required for percolating water to reach the bottom boundary
of soil profile. According to Nazarieh et al. (2018) the lag
time depends on factors such as soil hydraulic conductiv-
ity, vadose zone depth, percolation rates and the antecedent
soil-moisture condition. Temperature showed a significant
positive correlation with ET, and ET,,;. Otherwise, the rela-
tionship between temperature and soil saturation index was
significantly negative correlated. Temperature always pre-
sented the highest “7”” values for the non-time-lagged corre-
lation, suggesting that hydrological changes produced by this
variable have no delay in its response. Solute transport vari-
ables as volatilization and lixiviation were not significantly
correlated with precipitation or temperature change. In addi-
tion to climatic variables, the magnitude of these processes
could be also affected by factors such as the time and rate
of fertilizer application and the degradation rate of nitrogen
compounds, which were not considered in this study.

Table 3 Pearson correlation ET

Saturation index Deep drainage N volatilization N lixiviation

analysis between variations ¢ ETrea
in each variable and climate Non-time-
change (precipitation and lagged cor-
temperature) relation
Precipitation — 0.899%*
Temperature  0.777%%  0.902%*
Time-lagged correlation (1 month)
Precipitation — 0.784%**
Temperature  0.742%*%  (0.872%*
Time-lagged correlation (2 months)
Precipitation — 0.785%*
Temperature  0.722%%  0.862%*

— 0.508** 0.393%x* - 0.304 -0.012
— 0.749%* 0.285 —0.193 —0.032
— 0.472%* 0.345 —0.198 0.013
—0.738** 0.317 -0.112 0.007
— 0.371%* 0.511%%* —0.325 0.319
— 0.730%* 0.331 —0.146 0.034

**Correlation is significant at the 0.01 level
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4 Conclusions

Climate change scenarios predicted for the southeast South
American region at the end of the twenty-first century
indicate a slight increase of precipitation and air tempera-
tures. Simulations carried out with HYDRUS 1D software
were used to compare the evolution of soil water fluxes
and nitrogen fate derived from urea fertilizer under five
different climate-change scenarios.

According to our results, the mean annual actual
evapotranspiration is going to increase between 1 to 6%
from low to high climate-change scenarios. Although an
increase in precipitation is expected during all months of
the year, there are periods when water availability will
not be enough to supply the new potential evapotranspira-
tion demand. Thus, an increase in water stress for crops is
expected for the region. The most unfavorable case is the
RCP8.5 scenario where the ET, ,/ET, ratio decreases by
4%. The warmer seasons showed higher increases in the
water stress index than the colder seasons. If dry seasons
coincides with the warmer months, the consequences on
crops will be aggravated, especially in the cases of RCP6.0
and RCPS8.5 scenarios.

Although variations in the average soil-moisture
content are subtle, a decrease is expected during all
months of the year for all scenarios. The lowest decline
is recorded for the RCP4.5 scenario, while the highest
drop is expected for the RCP8.5 scenario. In relation to
deep drainage, a decrease in annual recharge of 2.5% is
expected in the RCP2.6 scenario, while in the rest of the
scenarios the potential annual recharge would increase
by 5.9% (RCP4.5), 3.0% (RCP6.0) and 4.2% (RCP8.5).
The increase in recharge in the most drastic scenarios is
a positive modification for the region, given the depend-
ence of agricultural and livestock activities on groundwa-
ter resources.

Regarding the fate of N compounds derived from urea
fertilizer, N losses due to volatilization were around 12%
of the total N applied in all cases. In the RCP2.6 scenario
ammonia volatilization is expected to increase 0.3%. In
middle to high changing scenarios, ammonia volatilization
is going to decrease by 0.75% (RCP4.5), 0.43% (RCP6.0)
and 0.26% (RCP8.5). Nitrogen leachate in the form of
nitrates showed an increase of 2.8% in the RCP4.5 sce-
nario, which was the one with the highest recharge rates
raises. Although the net change of nitrate leachate for the
RCP6.0 and RCP8.5 scenarios was similar to RCPO0.0,
these showed the greatest dispersion potentially related to
the occurrence of extreme climate conditions. More spe-
cific studies should be made on the effect of temperature
increase on the biochemical reactions of nitrogen com-
pounds in soil.

@ Springer

The methodology applied in the present work could be
adapted to other regions of the world. The use of a math-
ematical model as a predictive tool in soil water fluxes and
fertilizers use is essential for planning the sustainable man-
agement of soil adapted to climate changes. Results obtained
in this work will be useful to stakeholders and decision-
makers to orientate agroecological management from semi-
arid regions.
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