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Cordeiro, M.R.C., V. Krahn, R. Sri Ranjan and S. Sager. 2015. 
Water table contribution and diurnal water redistribution 
within the corn root zone. Canadian Biosystems Engineering/Le 
génie des biosystèmes au Canada 57: 1.39-1.48.  Understanding 
the water redistribution pattern within the corn root zone is 
crucial for water management. The objective of this research was 
to determine the water redistribution pattern within the corn root 
zone in response to irrigation and groundwater contribution. 
Water redistribution was monitored within the root zone of a 
cornfield located in Winkler, Manitoba, in 2009 and 2010 using 
time-domain reflectometry (TDR). Three replicates of fifteen 
TDR miniprobes were installed at 0.1, 0.2, 0.4, 0.6, and 0.8 m 
depths from the ground surface and at 0.12, 0.24, and 0.36 m 
radial distances from the base of the corn plant. The experimental 
site was irrigated by applying 50 and 65 mm of water on the soil 
surface in 2009 and 2010, respectively. The volumetric water 
contents at the 45 locations were measured prior to and at 
periodic intervals after the irrigation. The results indicated a 
pattern of water redistribution within the root zone, where the 
soil became drier during periods of high ET demand and became 
wetter during periods of low ET in the evening and night. Poorly 
drained soils may show a delay in the drying/replenishment 
pattern in dry years due to low hydraulic conductivity and deeper 
water table. The results from 2010 indicated that 81% of the crop 
water requirement was met from groundwater contribution 
during the experiment. During the extended period of steep water 
table drop, this contribution was 52%. Simulations of soil water 
content and upward flux using Hydrus-1D closely matched the 
observed values during the experimental period. Keywords. 
Corn, Soil water redistribution, Water table contribution, Crop 
water requirement, Hydrus-1D. 
 Comprendre le profil de distribution hydrique dans la zone 
racinaire du maïs est crucial pour la gestion de l’eau. L’objectif 
de cette étude était de déterminer le profil de redistribution 
hydrique dans la zone racinaire à la suite l’apport d’eau pas 
l’irrigation ou l’eau souterraine. En 2009 et 2010, la 
redistribution hydrique dans la zone racinaire d’un champ de 
maïs situé à Winkler, Manitoba, a fait l’objet d’un suivi par 
réflectométrie à dimension temporelle (TDR). Trois séries 
identiques de quinze mini-sondes TDR étaient installées à 0,1, 
0,2, 0,4, 0,6 et 0,8 m de profondeur dans le sol et à une distance 
radiale de la base d’un plant de maïs de 0,12, 0,24 et 0,36 m. Le 
site expérimental avait été irrigué en surface avec 50 et 65 mm 
d’eau en 2009 et 2010, respectivement. La teneur en eau 
volumétrique a été mesurée à 45 endroits avant et 
périodiquement après l’irrigation. Les résultats ont indiqué un 
profil de distribution hydrique dans la zone racinaire où le sol 
s’asséchait durant les périodes de forte évapotranspiration (ET) et 
s’hydratait durant les périodes de faible ET durant la soirée et la 
nuit. Des sols mal drainés peuvent montrer un délai dans le profil 
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de séchage/réapprovisionnement durant les années sèches dû à la 
fiable conductivité hydraulique et à une nappe phréatique plus 
profonde. Les résultats obtenus en 2010 durant l’expérience ont 
indiqué que l’eau souterraine fournissait 81% des besoins 
hydriques de la culture. Durant la longue période où la nappe 
phréatique s’était abaissée considérablement, cet apport était de 
52%. Des simulations de teneur en eau du sol et de flux hydrique 
ascendant faites avec Hydrus-1D correspondaient étroitement aux 
valeurs observées durant l’étude. Mots clés: maïs, distribution 
hydrique du sol, apport de la nappe phréatique, besoin hydrique 
de la culture, Hydrus-1D.  

INTRODUCTION 
Information on water quality and quantity is important for 
agricultural water management practices, such as 
designing and scheduling irrigation (Jensen 2007).  While 
the role of irrigated agriculture is important for meeting 
food demand (de Fraiture and Wichelns 2010), shallow 
groundwater as a resource is usually overlooked when 
water management alternatives are being considered in 
irrigated agriculture, despite its potential to provide 
significant quantities of water for crop use under proper 
conditions and management (Ayars et al. 2006). The 
contribution from shallow groundwater to plant 
evaporative demand has long been recognized (Shah et al. 
2007), with moisture moving upward from the water table 
into the rootzone being responsible for covering part of or 
even the total crop water requirement (Raes and Deproost 
2003; Logsdon et al. 2009). 

While important for plant water demand, the 
investigation of evapotranspiration-driven water upward 
flux from groundwater and its redistribution within the soil 
rootzone is complex because it involves processes that 
depend on the soil type and plant characteristics (Howell 
2001; Garrigues et al. 2006; Shah et al. 2007). Soil 
hydraulic properties, depth to the water table, soil moisture 
content, root morphology, and plant physiological status 
strongly control water uptake at the root zone scale. An 
understanding of these processes is difficult due to the 
limited ability to non-destructively assess the water uptake 
from the root zone (Ehleringer and Dawson 1992).  In 
order to address these difficulties, minimally invasive 
techniques that do not affect the soil properties, coupled 
with modeling, may be used to quantify the water entering 
the root zone through upward flux and its redistribution 
within the soil profile.  
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Soil moisture measurements using the non-destructive 
time-domain reflectometry (TDR) technique can be 
successfully adapted for continuous monitoring because 
most TDR systems are designed for long-term installation 
and continual monitoring at shallow depths (Schwartz et 
al. 2008). TDR miniprobes having a length of 50 mm with 
outer rods spaced at 10 mm enabled the water content to 
be measured in a small volume of soil (Sri Ranjan and 
Domytrak 1997), allowing easier insertion into the soil 
with minimal disturbance within the root zone (Kahimba 
et al. 2008). A modeling approach is another option for 
non-destructive assessment of water dynamics within the 
root zone (Šimůnek et al. 2012). For example, Deb et al. 
(2011) used HYDRUS-1D to simulate water fluxes in the 
unsaturated zone of a mature pecan orchard, while 
Satchithanantham et al. (2014) used HYDRUS-1D to 
simulate the soil water content and upward flux in the root 
zone of potatoes.   

While TDR and modeling have been successfully used 
to describe the detailed water redistribution and upward 
flux in the root zone of potato in the Canadian Prairies 
(Satchithanantham et al. 2014), the water redistribution 
and upward flux in the root zone of corn is not published 
in the literature. The main objectives of this research were 
to non-destructively monitor the soil water content 
redistribution pattern within the corn root zone after 
irrigation and to quantify the contribution from 
groundwater through upward flux. Simulations of soil 
moisture and upward flux using Hydrus-1D were 
compared to values obtained in the field experiment. 

MATERIAL AND METHODS 
Study area 
The study was carried out in Winkler, Manitoba, Canada. 
The methodology used in the present study is similar to the 
one used to investigate soil water redistribution and 
shallow groundwater contribution to the potato root zone 
conducted in the same study site (Satchithanantham et al. 
2014). The experiment was carried out towards the end of 
the growing season in 2009 (from August 31 to September 
4) and 2010 (from August 16 to August 20), when the corn 
root system was completely developed, the interaction 
with groundwater was at its peak, and the 
evapotranspiration demand was high. The soil in the 
experimental area in 2009 belongs to the Reinland Series, 
which is an imperfectly drained Gleyed Rego Black 
Chernozem soil having loamy texture (Podolsky 1991). 
This taxonomic classification at the Canadian order and 
great group levels corresponds to soils classified under the 
Udic Boroll subgroups in the US Soil Taxonomy. The soil 
in the experimental area in 2010 belongs to the Hochfeld 
Series, which is a moderately well drained Orthic Black 
Chernozem soil, moderately calcareous, and having a 
loamy fine sand texture (Smith and Michalyna 1973). This 
soil occurs in close association with those found in the 
study area in 2009 (i.e. Reinland Series; MAFRI 2010), 
and also corresponds to soils classified under the Udic 
Boroll subgroups in the US Soil Taxonomy. Average Bulk 
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density (1450 kg/m3) and field capacity (31.2% volumetric 
water content) were measured using a methodology 
adapted from Mkhabela and Bullock (2012). The sand, silt, 
and clay fractions measured from the Hochfeld Soil Series 
were 67.7%, 20.8%, and 11.5%, which were assumed to be 
similar to those of the Reinland Series due to the close 
association between the two soils and their similar loamy 
texture. The fields have been cultivated for several years 
and both locations in this study were under corn planted at 
a row spacing of 0.76 m (30 inches).  
Soil water monitoring 
Forty-five, 0.05-m long TDR miniprobes were custom 
made and individually calibrated in the Soil and Water 
Engineering laboratory at the University of Manitoba for 
each year of experiment.  In 2009, the probes were 
diagonally installed (45° angle) at 0.1, 0.2, 0.4, 0.6, and 
0.8 m depths from the ground surface, and at 0.12, 0.24, 
and 0.36 m from the base of the plant, forming an array of 
15 probes (Fig. 1) in each of the three replicates. In 2010, a 
similar configuration was used but the distances from the 
base of the plant were changed to 0.07, 0.19, and 0.31 m 
allowing more detailed measurements closer to the plant. 
A new set of calibrated probes was installed prior to the 
irrigation experiment in each year, following the procedure 
described by Kahimba and Sri Ranjan (2007). The 
installation position was set so that the probe prongs’ mid-

Fig. 1. Scheme of the probe array installation (black 
circles), indicating the depths and distances from 
the plant in meters. 
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point was positioned in the center of the respective soil 
layer depth. In 2009, an area of about 5 m x 4 m enclosing 
the three replicates was bermed and the soil was 
thoroughly wetted by applying 50 mm depth of water 
using a hose. In 2010, the dimensions of the enclosed area 
were 4 m x 3 m, and the depth of water applied was 65 
mm using the same method. In both years, there was no 
additional input to soil moisture through precipitation 
during the experiment. Soil moisture readings were 
acquired using a Metallic Cable Tester 1502B (Tektronix, 
Inc., Beaverton, OR), which was connected to the 15 
probes in each replicate via a 16-channel Vazec 
multiplexer (Vadose Zone Equipment Company, Amarillo, 
TX). WinTDR 6.1 software (Department of Plants, Soils 
and biometeorology, Utah State University, Logan, UT) 
running in a laptop PC was used as the interface to control 
the TDR system to acquire the data. The readings were 
acquired for each probe before the irrigation event and at 
three times during each day (i.e. morning, between 10:30 
and 11:30 h; afternoon, between 14:30 and 15:30 h; and 
evening, between 18:30 and 19:30 h) over four 
consecutive days. During the data analysis, the average of 
the point reading for the particular instant in time and 
location from the three replicates was used. 
Groundwater monitoring and groundwater 
contribution 
In 2010, a well was installed in the same cornfield, about 
150 m from the experimental site. A Levelogger® Junior 
(0.1% full-scale accuracy), placed inside a galvanized, pre-
slotted, 2-inches diameter monitoring well, monitored the 
groundwater level at 3-h intervals (Solinst Canada Ltd., 
Georgetwon, ON). This well was not affected by the 
irrigation applied to the experimental site, and its data was 
used to calculate the upward water flux from the water 
table into the unsaturated zone of the soil profile above it 
(i.e. the root zone) under cornfield conditions. 
Groundwater contribution to the corn root zone calculated 
using the same methodology used for potato in previous 
studies (Satchithanantham et al. 2014), where drop in 
groundwater table measured in the monitoring wells was 
multiplied by the soil specific yield (14.1%), which was 
calculated as the difference between soil porosity and field 
capacity. Porosity was calculated using: 

   (1) 

where φ is the soil porosity (dimensionless), ρbulk is the soil 
dry bulk density (kg/m3), and ρparticle is soil particle density 
(assumed to be 2650 kg/m3). The specific yield used in the 
calculation is within the range presented by Johnson 
(1966) for soils having fine sand texture.   
Evapotranspiration 
Weather variables obtained from a provincial weather 
station (MAFRI 2014) located 1.6 km from the study site 
were used for calculating the reference evapotranspiration. 
These variables were daily mean air temperature, relative 
humidity, solar radiation, and wind speed. Both hourly and 
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daily reference crop evapotranspiration (ET0) were 
calculated using the REF-ET calculator (Kimberly R&E 
Center, University of Idaho, Kimberly, ID). The potential 
contribution from dew condensation (mm) was calculated 
on an hourly basis using psychrometric relationships 
(ASHRAE 2009) and weather data. The dew contribution 
was calculated from the volume of air mass defined by the 
corn canopy height of 2.5 m and the bermed area of the 
plot where the TDR measurements were carried out. 
Contribution from dew condensation was found to be 
negligible (i.e. ≤ 0.004 mm/day) and assumed not to affect 
soil moisture. 
 Crop coefficients based on fraction of season derived 
from growing degree-days were calculated using the 
methodology presented by Stegman (1988). Daily crop 
evapotranspiration (ETc) was calculated by: 
 𝐸𝑇! = 𝐾! ∙ 𝐸𝑇! (2) 
where ETc is the crop evapotranspiration (mm/day), Kc is 
the crop coefficient for corn, and ET0 is reference crop 
evapotranspiration (mm/day).  
Data analysis 
The average volumetric water content data from the three 
replicates as a function of depth and distance from the base 
of the plant was plotted at successive times as contour 
plots using SigmaPlot 2000 (Systat Software Inc., San 
Jose, CA), showing the vertical and horizontal distribution 
of water content within the root zone soil profile.  These 
snapshots of soil water distribution at different times of the 
day showed a pattern of redistribution within the root 
zone. The soil water content was also statistically 
compared between different periods of the day and 
position in the root zone using analysis of variance and t-
test in JMP 8.0 software (SAS Institute Inc., Cary, NC). 
The standard deviation of the TDR readings between the 
three replicates for the different depths, distances from the 
base of the plant, and time of the day was 0.03 and 0.02 m3 
m–3 in 2009 and 2010, respectively. 
Modeling of soil water content and upward flux 
Soil moisture and upward flux were modeled for 2010 
using Hydrus-1D (Šimůnek et al. 2008). A model 
previously calibrated for the research site 
(Satchithanantham et al. 2014) was adapted for corn. 
Briefly, the depth of the model space was set to 2.5 m, and 
two soil materials were used in the simulations: the first 
one from soil surface to 0.4-m depth, and the second from 
0.4-m to 2.5-m depth. The upper boundary condition was 
set to atmospheric with surface layer, while the lower 
boundary condition was set to variable pressure head. The 
following dimensionless water flow parameters had the 
same values for both layers: residual soil water content (Qr 
= 0.039), saturated soil water content (Qs = 0.39), 
parameter n in the soil water retention curve (n = 1.75), 
and tortuosity (l = –0.83187). The parameter alpha in the 
soil retention curve (α) and the saturated hydraulic 
conductivity (Ks) had different values for each layer. The 
parameter α was set to 0.014 and 0.012 cm–1 for the first 
and second layers, respectively. The parameter Ks was set 
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to 6.25 and 2.5 cm/h for the first and second layers, 
respectively. The leaf area index (LAI) value of 3.0 was 
used for the entire simulation based on good ground cover, 
which is not dissimilar to values presented by Flesch and 
Dale (1987). An extinction coefficient of 0.7 was used 
based on values presented by Lindquist et al. (2005). 
Model accuracy for soil water was assessed by means of 
(i) graphical comparison of both simulated and observed 
values, (ii) the coefficient of determination (R2), (iii) the 
root mean square error (RMSE), and (iv) the Nash–
Sutcliffe modeling efficiency coefficient (NSE; Van Liew 
and Garbrecht 2003). Simulations were considered good 
for high R2 values (i.e. R2 ~ 0.8) and low RMSE values 
(RMSE close to zero). Results were considered to be good 
if NSE ≥ 0.75, and satisfactory for 0.36 ≤ NSE ≤ 0.75 
(Van Liew and Garbrecht 2003). 

RESULTS AND DISCUSSION 
Water redistribution 
The diurnal variation of soil water in the corn root zone 
during the 2009 experiment is shown for different days in 
figure 2. The average soil water content for all depths and 
distances from the plant within the root zone before 
irrigation was 0.22 m3/m3 (Fig. 2a). After application of 50 
mm of water, the average soil water content within the root 
zone increased to 0.30 m3/m3 (Fig. 2b). The highest water 
content in the profile was observed during the morning of 
Day 2 with values as high as 0.35 m3/m3 at depths ranging 
from 0.1 to 0.5 m (Fig. 2c). The water content then started 
to decline as the days progressed. During Day 3 morning, 
the profile was drier at the surface, where root density is 
higher.  By the evening of Day 3, the water content in the 
top 0.6 m of the soil profile was drier than in the morning.  
During the morning of Day 4, the water content seemed to 
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have increased in the entire soil profile indicating upward 
migration of water into the root zone since there was no 
surface recharge from any rain event. From this time on, 
the pattern was drier in the afternoon, showing some 
replenishment in the evening that persisted until the 
following morning.   

The analysis of variance indicated that the water 
content as a function of time of the day (p = 0.015) and 
depth (p < 0.01) were statistically different. However, 
distances away from the plant did not have a statistically 
significant effect in the model (p > 0.05), indicating that 
horizontal distances from the plant did not affect the water 
content in the soil profile. The soil water content was 
higher in the morning and lower in the afternoon, with 
intermediate values in the evening (Table 1). 

In 2010, 65 mm of water was applied on the surface in 
the morning of Day 1 and the first set of TDR readings 
after irrigation was taken 24 hours later (Fig. 3). Since the 
area received over 30 mm of rainfall in the previous four 
days, the soil water status prior to irrigation (Fig. 3a) was 
not as dry as in 2009 (Fig. 2a). Thus, the irrigation did not 
seem to have affected the soil water content distribution 
from Day 1 to Day 2. A distinctive soil water distribution 
pattern was established in the root zone in Day 2, where 
the top 0.4 m of the profile was drier in the morning and 
wetter in the afternoon and evening. The soil water in the 
part of the profile below 0.4 m remained fairly constant 
between 0.25 and 0.3 m3/m3 (Fig. 3d-n). This pattern 
seems to be a result of the wetter-than-normal growing 
season (Fig. 4), which may have had an influence on the 
root distribution due to waterlogged conditions at the 
beginning of the season, restricting the roots to the upper 
layers of the soil profile. 

Table 1. Comparison of average volumetric soil water content (m3/m3) for different times of the day at the same 
distance from plant and depth in 2009†*. 

 0.12 m 0.24 m 0.36 m 
Depth (m) Morning Afternoon Evening Morning Afternoon Evening Morning Afternoon Evening 
0.1 0.268A,a 0.220A,a 0.262AB,a 0.283AB,a 0.243A,a 0.266A,a 0.222A,a 0.199A,a 0.228A,a 
0.2 0.288A,a 0.245B,b 0.280AB,a 0.274B,a 0.250A,a 0.263A,a 0.283B,a 0.254B,a 0.271B,a 
0.4 0.273A,a 0.236AB,b 0.252B,ab 0.293AB,a 0.250A,b 0.262A,ab 0.268AB,a 0.238AB.b 0.254AB,ab 
0.6 0.279A,a 0.249B,a 0.268AB,a 0.255B,a 0.230A,a 0.233A,a 0.281B,a 0.257B,b 0.263AB,ab 
0.8 0.308A,a 0.281C,a 0.297A,a 0.326A,a 0.304B,a 0.314B,a 0.334C,a 0.331C,a 0.319C,a 
† Values are averages of the three replicates; times are considered after the irrigation event.  
Table 2. Comparison of average volumetric soil water content (m3/m3) for different times of the day at the same 

distance from plant and depth in 2010†*.  
 0.07 m 0.19 m 0.31 m 
Depth (m) Morning Afternoon Evening Morning Afternoon Evening Morning Afternoon Evening 
0.1 0.208A,a,i 0.235A,b,i 0.231AB,b,i 0.239A,a,ii 0.265A,b,ii 0.260A,b,ii 0.214A,a,i 0.243A,b,i 0.237A,c,i 
0.2 0.201A,a,i 0.217B,b,i 0.217B,b,i 0.211B,a,i 0.227B,b,i 0.227B,b,i 0.211A,a,i 0.227A,a,i 0.227A,a,i 
0.4 0.232B,a,i 0.237A,a,i 0.234A,a,i 0.239A,a,i 0.245C,a,i 0.241B,a,i 0.233B,a,i 0.237A,a,i 0.233A,a,i 
0.6 0.268C,a,i 0.270C,a,i 0.269C,a,i 0.270C,a,i 0.272A,a,i 0.270A,a,i 0.293C,a,ii 0.325B,a,ii 0.335B,a,i 
0.8 0.302D,a,i 0.304D,a,i 0.303D,a,i 0.320D,a,ii 0.323D,a,ii 0.321C,a,i 0.301C,a,i 0.304B,a,i 0.304B,a,i 
† Values are averages of the three replicates; times are considered after the irrigation event. 
*	
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The analysis of variance showed that the difference in 
soil moisture at different depth (p < 0.01), time of the day 
(p < 0.01) and distance from the plant (p < 0.01) were 
statistically significant. The soil water content was lower 
in the morning and higher in the afternoon and evening 
(Table 2). This difference, however, was more pronounced 
in the top layer for the three different distances from the 
plant. The soil water content was lower closer to the plant 
(Table 2), indicating higher plant water uptake at this 
location (Fig. 3f-i). This difference in water content at 
distances from the plant also decreased with depth, 
probably due to reduced plant uptake from these regions. 
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Groundwater table variation and upward flux 
The water table depth increased during the experiment 
(Fig. 5), following a diurnal pattern where it remained 
reasonably constant during the evening/night/morning 
period (i.e. between 18:00 and 12:00 h next day) but 
dropped during the hot hours of the day (i.e. between 
12:00 and 18:00 h). The water table started to drop as 
hourly ET reached values above 0.4 mm/h. This water 
table variation was also proportional to both the hourly and 
daily crop ET, with larger water table variations occurring 
with higher crop ET (Fig. 5). An analysis of the water 
table decline (mm) during the 2010 experiment revealed 

Fig. 2. Volumetric water content as a function of 
distance and depth in the root zone of corn 
during the 4 days of monitoring during the 
2009-growing season. Letters (a) through (m) 
indicate different snapshots in time. Contour 
interval in the diagram represents a change of 
0.05 m3/m3. 
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the accumulated heat units for this location. The reference 
ET calculated using weather variables discussed 
previously (i.e. solar radiation, wind speed, maximum and 
minimum air temperature, and relative humidity) also 
reflects the effect of weather conditions on ETc.  When the 
analysis is expanded to the period between June 21 and 
Sep 1, which corresponds to the period of high crop ET 
and consequent steepest drops in the water table (Fig. 6), 
the contribution of the water table to ET is 52%.  
Soil water content and upward flux simulations 
The Hydrus-1D simulations of soil water content in 2010 
showed good agreement with observed values at 0.1, 0.6, 
and 0.8 m (Fig. 7a, d, and e), but slightly overestimated at 
0.2 and 0.4 m (Fig. 7b and c). This lack of agreement 
occurred mainly at the beginning of the period, after the 
irrigation event. When the entire soil profile is taken into 
consideration and the soil water content is averaged, the 
overall agreement is very good, especially towards the end 
of the experiment (Fig. 7f).  The correlation between 
observed and simulated values over the entire experiment 
was very good (R2 = 0.84) with a small root mean square 
error (RMSE = 0.026).  The model efficiency was 
satisfactory (NSE = 0.49), indicating reasonable agreement 
between simulated and observed data.  The total calculated 
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the amount of water entering the root zone and the partial 
contribution of the groundwater to crop ET (Table 3). 

The relative contribution of the water table to daily 
crop ET averaged 81% during the experimental period, 
which is characterized by large crop ET rates.  Comparison 
of the water table drop and daily crop ET indicates that the 
water table depletion was mainly driven by the crop water 
demand (Table 3). It is important to highlight that the plant 
characteristics (i.e. developmental stage) and weather 
conditions (i.e. solar radiation, wind speed, maximum and 
minimum air temperature, and relative humidity) that 
affect ET were taken into account in the present study. The 
corn crop coefficients used to calculate the ETc 
corresponding to the stage of growth were based on the 
growing-degree-days accumulated by the crop at that 
stage. As the corn plants developed, the crop coefficients 
used in the calculations of ETc also changed according to 

Fig. 4. Comparison between historical, 2009 and 2010 
growing season precipitation. 

Fig. 5. Water table variation (solid line), hourly crop 
evapotranspiration (dashed line), and daily 
crop evapotranspiration (bars) during the 
2010 experiment. 

Fig. 6. Water table depth and crop evapotranspiration 
during the 2010-growing season. 

Table 3. Water table contribution to daily crop ET 
during the 2010 experiment. 

Day of 
experiment 

Water 
table  
drop 
(mm) 

Water 
entering the 

root zone 
 (mm) 

Daily 
crop ET 
(mm) 

Water table 
contribution  

to ET  
(%) 

1 11.4 1.6 2.3 70 
2 23.3 2.7 3.5 77 
3 22.7 3.2 3.9 82 
4 28.7 4.0 4.2 95 

Average 21.5 2.9 3.4 81 
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upward flux was 11.5 mm, while the simulated total was 
12.3 mm. The values for the four days of experiment were 
also similar. Observed fluxes during the four days were 
1.6, 2.7, 3.2, and 4.0 mm, while simulated values were 2.3, 
3.2, 3.4, and 3.4 mm, respectively. The calculated upward 
flux and Hydrus-1D simulated flux were in good 
agreement with an R2 = 0.83, RMSE = 0.54, and NSE = 
0.62. When the simulations were expanded to the period 
between June 21 and Sep 1 to match the calculation of ET 
contribution during the period of high crop ET and 
consequent steepest drops in the water table (Fig. 6), the 
contribution of the water table to ET was 23%. 
Groundwater contribution to corn water use 
The contribution of groundwater to agricultural water 
requirements has been identified in other arid regions of 
the world (Kahlown et al. 2005) and for other crops in the 
context of the Canadian Prairies (Satchithanantham et al. 
2014), but a similar analysis was not available for corn in 
this region. Such an analysis is important because corn is 
usually grown without any input from irrigation; thus, 
understanding the diurnal distribution of soil moisture and 
the respective input from shallow groundwater is 
beneficial from a water management perspective. The 
results showed that the soil water distribution within the 
corn root zone could differ according to the physiographic 
and weather conditions. In 2009, a delay between plant 
water uptake and replenishment was observed, where the 
soil became drier in the afternoon and wetter in the 
evening and morning. 

This phenomenon can be explained by the decrease in 
unsaturated hydraulic conductivity arising from higher ET 
in the afternoon, which lowers the water content of the soil 
within the root zone.  During the evening and night, the 
upward flux driven by the capillary gradient leads to an 
increase in water content in the root zone, which also 
increases the unsaturated hydraulic conductivity of the 
soil. This dynamics could be related to the drier-than-
normal months of July and August (Fig. 4), which 
combined, had a rainfall deficiency of 43 mm. Dry 
conditions may have driven the water table deeper, 
increasing the vertical distance between the root and 
saturated zones and making it more difficult for the 
upward migration of water from the water table. Another 
factor delaying the soil water replenishment in 2009 could 
have been the texture of the soil, which is imperfectly 
drained (i.e. less infiltration and percolation of water). The 
hydraulic conductivity of loamy soils under saturated 
conditions varies from 10-4 to 10-7 m/s, but it would be 
even smaller (i.e. 10-10 to 10-12 m/s) under unsaturated 
conditions (Marshall et al. 1996).  

In 2010, the drying pattern was observed to start 
during the morning, which was earlier than that observed 
in 2009. A reason for this could be a shallower root system 
resulting from a shallow water table during the early 
season caused by the excessive rainfall in May (Fig. 4), 
which may have had detrimental effects on root 
proliferation in the deeper layers (Klepper et al. 1983).  

Fig. 7. Observed and simulated values of soil water 
content at 0.1 m, 0.2 m, 0.4 m, 0.6 m, 0.8 m, and 
profile average during the experiment in 2010. 
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This resulted in a limited area of direct influence of the 
root system, depleting the soil water more rapidly in the 
top 0.4 m of the soil in 2010 (Fig. 3), as opposed to the 
more extensive depletion up to 0.7 m deep as observed in 
2009 (Fig. 2). The reasonably constant water content 
between 0.4 and 0.8 m in 2010 (Fig. 3g-n) is an indication 
of the limited influence of the root system in this layer. 
The statistically significant change in water content at 
radial distances from the plant (Table 2) also supports this 
claim, where the limited depth was compensated by the 
water available at greater distances away from the base of 
the plant. In addition, frequent rainfall events in 2010 
probably helped keep the soil moisture more stable at 
deeper layers of the soil profile allowing higher 
unsaturated hydraulic conductivity.  

The water redistribution in the corn root zone also 
contrasted with that observed in the potato root zone 
reported for the Canadian Prairies by Satchithanantham et 
al. (2014). In both years of their study, the depletion of soil 
water was mainly restricted to the top layers in the soil 
profile while deeper layers remained unaffected. Their 
results are similar to those found in this study in 2010 but 
contrasts to the root zone dynamics in 2009, which 
highlights the differences soil water redistribution between 
corn and potato. This difference could be due not only to 
differences in root density and distribution between these 
two crops, but also to agronomic practices such as elevated 
rows and “dammer diking” in potato fields. 

The upward flux from the shallow water table was 
shown to be an important source of water to corn, being 
responsible for meeting a large percent (i.e. 81%) of the 
corn water demand during periods of high ET. Over the 
period of fast water table drop between June 21 and 
September 1, the contribution from groundwater 
corresponded to 52% of the total crop water use. Cameira 
et al. (2003) found that shallow water table was 
responsible for meeting 45% of corn ET cropped in silty 
loam soils in a Mediterranean climate and argue that this 
source should be considered in water balance calculations 
aiming at irrigation management. The contribution from 
the water table found in the present study were slightly 
higher than those found by Cameira et al. (2003), 
indicating that contribution of shallow groundwater to crop 
water demand can be substantial in the semiarid conditions 
of the Canadian Prairies.  

Simulated soil water content and upward flux using 
Hydrus-1D showed good agreement with observed values 
during the experiment, based on the evaluation criteria. 
Simulated water content seems to depart from observed 
values during recharge events at discrete depths; however, 
if the entire soil profile is considered, which is usually the 
case for calculation of available soil water in the root zone, 
the simulation performance is better. Simulation of upward 
flux was found to be comparable to the calculated values 
during the 4-day experiment. Good simulations of upward 
flux for corn using the same soil parameters from the 
Hydrus 1-D model calibrated for potato by 
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Satchithanantham et al. (2014) for the same area suggest 
that the calibration was successful for simulations of other 
crops for the same soil conditions. However, Hydrus-1D 
simulations of upward flux during the period between June 
21 and September 1 (i.e. 62 mm) were underestimated by 
55% when compared to upward flux based on water table 
drop (i.e. 139 mm). This difference highlights the 
importance of the period used for model calibration and 
suggests that the calibration used in this study is only valid 
for predictions of upward fluxes over short periods of 
time. The effect of changing the calibration parameters for 
simulation of upward flux in the study area over the entire 
growing season remains to be assessed in future research.  

The results reported in the present study have 
important implications to agricultural water management 
of corn under conditions prevailing in the Canadian 
Prairies. The first implication pertains to contribution of 
groundwater to crop water demand and, consequently, to 
yields. For instance, Cordeiro and Sri Ranjan (2012), 
working in the same area, compared the agronomic 
performance of corn under different water management 
strategies including overhead irrigation, sub-irrigation, and 
subsurface drainage. In both years of the study, they found 
no statistical difference between yields from the control 
treatment and treatments receiving overhead irrigation 
applied through a travelling gun. In this case, the yields of 
the treatments not receiving irrigation could have been 
positively influenced by groundwater contribution, 
especially if this contribution occurred during critical 
periods in the phenology that affect corn yield, such as 
tasseling. According to Larson and Hanway (1977), corn 
yields are particularly susceptible to water stress between 
tasseling and silking because low available water could 
delay silking and reduce seed set due to inadequate 
pollination. However, from silking to maturity, corn yield 
is not as affected by water stress as it is during the silking 
phase.  

Contribution of shallow groundwater could also 
explain good yields even in dry years without irrigation in 
the area where the study was conducted. For instance, 
MASC (2013) reports good crops in 2012 despite the dry 
weather conditions in southern Manitoba. In fact, corn 
yields in 2012 were the highest since 2009 across different 
hybrids in the risk area 12 of Manitoba, where Winkler is 
located and where corn is grown without irrigation input. 
High yields under dry conditions highlight the upward flux 
from shallow groundwater as an important process 
contributing to crop production in the Canadian Prairies. 
More importantly, it suggests that shallow groundwater 
resources, which are replenished by recharge through 
rainfall and snowmelt, should be managed properly for 
crop production. Snow, which accounts for 20% to 30% of 
the total annual precipitation in the Canadian Prairies 
(Tiessen et al. 2010; Li et al. 2011), should be managed to 
increase infiltration during the snowmelt period and 
replenish the shallow groundwater for later use by crops. 
Snowmelt runoff has been reported to decrease 
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dramatically with low soil moisture due to substantial 
infiltration into the unsaturated frozen soil (Fang and 
Pomeroy 2007). Thus, subsurface drainage, which is 
rapidly expanding in the Canadian Prairies (Cordeiro and 
Sri Ranjan 2012), can be used to lower the water table in 
the fall and create the air-filled pore volume to 
accommodate the infiltration during the spring snowmelt. 
Besides water management benefits, approaches to 
enhance snowmelt infiltration would also have positive 
impacts to the environment, such as reduced runoff 
volumes, which is the major contributor to nitrogen and 
phosphorus export from agricultural watersheds in the 
context of the Canadian Prairies (Liu et al. 2013). 

CONCLUSION 
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