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A B S T R A C T   

The soil water content at the condition of field capacity (θFC) is a key parameter in irrigation scheduling and has 
been suggested to be determined by running a synthetic drainage experiment until the flux rate (q) at the bottom 
of the soil profile achieves a predefined negligible value (qFC). We question the impact of qFC on the assessment of 
field capacity. Moreover, calculating θFC as the integral mean of the water content profile when q is equal to qFC is 
strictly valid only for uniform soil profiles. By contrast, this practice is ambiguous and biased for stratified soil 
profiles due to the soil water content discontinuity at the layer interfaces. In this study, the concept of field 
capacity was revisited and adapted to practical agronomic heuristics. By resorting to the assessment of root-zone 
water storage capacity (W), we envision field capacity as a functional hydraulic parameter derived from synthetic 
irrigation scheduling scenarios to minimize drought stress, drainage, and nitrate leachate below the root zone. A 
functional analysis was carried out on a 135-cm-thick layered soil profile beneath maize in eastern Nebraska. On- 
farm irrigation scheduling applications and agricultural practices were recorded for 20 years (2001–2020) at a 
daily time step. Hydrus-1D was calibrated and validated with direct measurements of the soil water retention 
curve and soil water content data, respectively, in each soil layer. A set of functional field capacity values was 
derived from 24 irrigation scheduling scenarios, and the optimal water storage capacity at field capacity (WFC) 
was approximately 50 cm (corresponding to about 80% saturation in the soil profile). An average irrigation 
amount of 217.5 mm distributed over 21 events was obtained by using optimal irrigation scheduling, which was 
initiated when the matric pressure head took on a value of − 700 cm and the irrigation rate was set at 1.0 cm d− 1. 
This irrigation practice ensured water storage at approximately the same level (ideally at WFC) by sustaining only 
evapotranspiration fluxes in the uppermost portion of the root zone and by limiting excessive drainage. This 
protocol can be transferred to other agricultural fields.   

1. Introduction 

The active rooting zone of a soil profile acts, from a functional 
viewpoint, as a reservoir that stores incoming water from precipitation 
or irrigation events and makes it available for crop use over longer pe-
riods of water shortage (Romano and Santini, 2002). Therefore, soil 
provides a critical interplay between crop and atmospheric demand 
since soil water storage supplies potential root water uptake (RWU), 
which is reduced under water stress conditions. In agricultural fields, 
drought stress is mitigated by irrigation applications to keep RWU at its 
potential level during the crop growing season. From an operational 
viewpoint, the main challenge is to set the irrigation schedule and the 

optimal water amount to improve the design of irrigation-based water 
management strategies. 

A widely-used global indicator for governing irrigation scheduling is 
the root zone soil water storage capacity available for plant use, or 
simply, plant available water capacity (PAWC), representing the 
maximum amount of soil water that can be stored in a soil profile to 
sustain optimal crop growth and yield. A pragmatic but very simplistic 
way to determine PAWC is to compute the difference between the water 
storage capacity at field capacity (WFC) and the permanent wilting point 
(WWP). Commonly, PAWC is expressed as the difference between the soil 
water content values at field capacity (θFC) and permanent wilting point 
(θWP), multiplied by the thickness of the root zone (zr), i.e., PAWC= (θFC 
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– θWP)× zr (Allen et al., 1998). 
When the profile-average soil water content in the rooting zone is 

less than the wilting point θWP, then it is commonly assumed that the 
plant wilts permanently. Although the condition of permanent wilting 
depends not merely on soil type but especially on plant species (Tho-
masson, 1995; Garg et al., 2020; Wiecheteck et al., 2020; Torres et al., 
2021), a common value for θWP is the soil water content at the matric 
pressure of − 1.5 MPa (i.e., a matric head of − 15,296 cm of water), 
based on data from sunflowers used as a reference plant species (Taylor 
and Ashcroft, 1972). 

Field capacity is defined as “the volumetric water content remaining 
in a soil profile two or three days after having been completely wetted 
with water and after free drainage beyond the root zone has become 
negligible” (Veihmeyer and Hendrickson, 1949; Soil Science Society of 
America, 2008). The field drainage experiment is considered a bench-
mark method for determining θFC, which is certainly not exempt from 
criticism and appears a bit vague (Romano and Santini, 2002; Assouline 
and Or, 2014; de Jong van Lier and Wendroth, 2016). The tacit 
assumption is that the soil profile is uniform, initially fully saturated, 
and subject only to gravity-driven drainage, regardless of the evapo-
transpiration flux which is assumed as zero. Even though definitions 
exist for θFC (or WFC) and θWP (or WWP), the concepts underlying these 
variables and their physical meanings are still a matter of debate 
(Gardner, 1965; Ritchie, 1981; Minasny and McBratney, 2003; Garg 
et al., 2020; Torres et al., 2021; Turek et al., 2022; Cousin et al., 2022). 

In-situ drainage experiments are notoriously cumbersome, although 
representative of actual field conditions, and the condition of field ca-
pacity is attained when the drainage flux at the lower boundary of the 
soil profile is virtually null (Romano and Santini, 2002). Synthetic 
drainage experiments can be used when the soil hydraulic properties are 
known beforehand, and the zero flux and the unit (or, fixed) total hy-
draulic gradient are set as the upper and lower boundaries of the flow 
domain, respectively. The θFC value is computed when the water flux (q) 
at the bottom of the flow domain is equal to a predefined negligible 
drainage flux (qFC) (Twarakavi et al., 2009; Assouline and Or, 2014; 
Reynolds, 2018; Inforsato and de Jong van Lier, 2021). When this con-
dition is attained, the simulated profile-average soil water content is 
often referred to as the flux-based field capacity (Meyer and Gee, 1999; 
Nasta and Romano, 2016; Inforsato and de Jong van Lier, 2021). 

Choosing a negligible value for qFC is obviously arbitrary, but 
another limitation arises when the synthetic drainage process is simu-
lated in a layered (heterogeneous) soil profile, which exhibits contrast-
ing vertical textural properties and hydraulic characteristics. When 
using field capacity as a hydraulic parameter in a bucket-type hydro-
logical model, the soil component of the system is often conceptualized 
as a uniform (homogeneous) flow domain, and this oversimplification 
can be considered acceptable if one is interested in computing the 
lumped water budget (Romano et al., 2011). However, when the 
concept of PAWC is used to resolve agronomic problems, water dy-
namics in layered soil profiles should be properly characterized by using 
a process-oriented hydrological model based on the Richards equation. 
Under these circumstances, the determination of θFC as a profile average 
value is not trivial and is rather weak as well, so it becomes convenient 
to resort to the assessment of WFC (Nasta and Romano, 2016). 

Irrigated agriculture in the High Plains Region of the United States 
mostly relies on aquifer depletion, especially for maize production, as 
this crop has high irrigation requirements to achieve maximum yield. 
The average groundwater levels have declined significantly in the 
Southern and Central High Plains (i.e., Texas, Oklahoma, and Kansas) 
and parts of Nebraska (Scanlon et al., 2012). Over the last decades, 
excessive groundwater depletion has been exacerbated by frequent 
droughts induced by climate change (Rudnick et al., 2019). Over-
application of nitrogen fertilizers and pesticides is the primary source of 
groundwater contamination, which further decreases the amount of 
water available for irrigation. The challenge of irrigated agriculture is to 
identify a functional value for soil water storage at field capacity by 

preserving optimal root-zone water contents so to avoid, or at least 
minimize, the onset of drought stress and excessive drainage (and 
related contaminant transport towards the aquifer). 

In this study, Hydrus-1D was used to simulate water flow and solute 
transport across a 135-cm-thick agronomic layered soil profile beneath 
irrigated maize in eastern Nebraska (Šimůnek et al., 2016). In 
Hydrus-1D, irrigation timing is controlled by a depth-specific user-spe-
cified soil pressure head while the irrigation rate is set at prescribed 
values (Lena et al., 2022). Therefore, the target of this synthetic 
approach was to perform a sensitivity analysis using different values of 
the user-specified irrigation rate for maize and soil matric pressure head 
at a soil depth of 67.5 cm (half of maize’s maximum root depth). A total 
of 24 values for water storage capacity at field capacity (WFC) were 
estimated, and the optimal value was selected to minimize drought 
stress, drainage flux (to avoid local water waste), and nitrate leachate (to 
reduce contaminant vulnerability) below the root zone. The “functional” 
field capacity has been compared with the conventional synthetic 
drainage experiment, and the challenge of estimating θFC is discussed. 

2. Experimental work and methods 

2.1. Environmental settings and data collection 

The study site is in eastern Nebraska, USA, at the University of 
Nebraska Eastern Nebraska Research and Extension Center (ENREC) 
near Mead. The field site (US-Ne1, 41.1651 N, − 96.4779 W; Fig. 1) is 
part of the AmeriFlux (Baldocchi et al., 2001) and Long-Term Agricul-
tural Research Networks and has been operating since 2001. The 
regional climate is of a continental semiarid type with a mean annual 
precipitation of 784 mm yr− 1 (according to the AmeriFlux US-Ne1 
website). According to the Web Soil Survey data (http://websoilsu 
rvey.nrcs.usda.gov/), the soils at the site are comprised mostly of silt 
loam and silty clay loam. 

Maize (Zea mays L.) has been grown at the site under overhead 
sprinkler irrigation, with the growing season beginning in early May and 
ending in October (Kalfas et al., 2011). Since 2001, crop management 
practices (i.e., planting density, cultivars, irrigation, and herbicide and 
pesticide applications) have been applied according to standard man-
agement practices prescribed for production-scale maize systems 
(Suyker and Verma, 2008). More detailed information about site con-
ditions can be found in Suyker et al. (2004) and Verma et al. (2005). 
Destructive measurements of the leaf area index (LAI) were carried out 
approximately every two weeks during the growing season from 2003 to 
2020 at specific days of the year (DOY) (Fig. 1c), together with other 
plant characteristics such as height (cm) and dry above-ground biomass 
(kg ha− 1). 

After planting (typically the last week of April to the first week of 
May), the vegetative stage includes plant emergence and tasseling be-
tween the second half of April (DOY = 110) and the first half of July 
(DOY = 200) while the reproductive stage includes silking, blister, milk, 
dough, dent, and maturity between the first half of July (DOY = 200) 
and last week of September (DOY = 275). 

The maximum root depth was 135 cm; therefore, we considered a 
135-cm-thick soil profile. Soil layers are predominantly classified as Ap, 
Bt1, Bt2, and BC (Soil Survey Division Staff, 2017). Consequently, four 
soil layers were established with thicknesses of 0–18 cm, 18–38 cm, 
38–75 cm, and 75–135 cm, centered on the sampling depths of 10 cm, 
25 cm, 50 cm, and 100 cm, respectively (see Fig. 1b). Soil samples were 
collected to determine seven soil water retention data pairs, namely the 
soil water contents at the prescribed pressures of 0 cm, 339.9 cm, 
1019.7 cm, 2039.5 cm, 3059.2 cm, 4078.9 cm, and 15,296.1 cm in the 
pressure plate apparatus (Dane and Hopmans, 2002). The soil samples 
were dried in the oven for at least 24 h at the standard temperature of 
105 ◦C to measure the oven-dry soil bulk density (ρb, in g cm3). The soil 
texture was predominantly classified as silty clay. ThetaProbes (Delta-T 
Devices, Cambridge, UK) were installed at four locations in the study 
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field with measurement depths of 10, 25, 50, and 100 cm to monitor 
hourly soil water content in the root zone (Suyker and Verma, 2008). 

A flux tower station (Ameriflux and LTAR networks) is located at the 
same site as the experiment. Hourly/daily values of rainfall (R), mini-
mum, mean, and maximum air temperatures, air relative humidity, 
wind speed, and net solar radiation are available from 1 January 
2001–31 December 2020 (a total of 7305 days corresponding to a 20- 
year long time series). Daily values of grass-reference potential evapo-
transpiration (ET0) were calculated using the physically-based method 
of Penman-Monteith (Allen et al., 1998). 

Assuming a uniform land cover of maize (Zea mays L.), crop-specific 
potential evapotranspiration (ETc) under standard conditions and 
without water limitations was calculated by multiplying ET0 by the 
specific crop (maize) coefficient, Kc (i.e., ETc = ET0 × Kc). The LAI was 
used to partition ETc into potential evaporation (Ep) and potential 
transpiration (Tp) using the following equation: 

EP = ETce− 0.463LAI (1) 

Potential transpiration, Tp (corresponding to potential root water 
uptake), was obtained by subtracting potential evaporation (Eq. (1)) 
from ETc. The crop coefficient (Kc ranging between 0.20 and 1.06), and 
the root depth (zr ranging between 0 cm and 135 cm) were time-variable 
and were modeled according to the protocol given in Nasta and Gates 
(2013) and Nasta et al. (2021). 

Rainfall interception (IR) was calculated using the following formula: 

IR = aLAI
(

1 −
1

1 + bP/aLAI

)

(2)  

where a (cm d− 1) was assumed equal to 0.025 cm d− 1 and b= 1- 
e− 0.463LAI. Interception was subtracted from R to obtain net rainfall 
(Rnet). Descriptive statistics of annual mean sums of the aforementioned 
weather components are reported in Table 2. 

In eastern Nebraska, the 100-day-long irrigation season ranges from 
mid-June (mid-vegetative growth stage) to mid-September (end of 
reproductive growth stage). Producers usually start irrigating when soil 
water storage is at the minimum allowable balance in the active root 
zone (i.e., at the lowest tolerated water storage before the stress begins), 

which is assumed to be 50% of field capacity, and when no significant 
rainfall (greater than about 12.7 mm) is expected in the following two- 
three days. The irrigation amount is given by the difference between 
water storage at field capacity and the minimum allowable balance over 
the active root zone and is further subjected to the mechanical system (i. 
e., well capacity, pumping-curve, field size, and nozzle package). Pro-
ducers supplied irrigation totals with a mean value of 290 mm to miti-
gate crop stress. 

Fertilizer nutrient requirements for maize are based on expected 
yield and soil nutrient availability. Nitrogen (N) was mostly applied as 
urea, (NH2)2CO, and ammonia, NH3. Heterotrophic bacteria hydrolyze 
urea to form ammonium (NH4

+), which is sequentially nitrified by 
autotrophic bacteria to nitrite (NO2

- ) and nitrate (NO3
- ). The following 

three solute species are considered in this study: (NH2)2CO → NH4
+ → 

NO3
- . Given the recorded fertilizer applications, we assumed an annual 

average fertilization amount and timing of 195 kg N ha− 1 applied on 
April 1. 

2.2. Simulation of water flow and solute transport in Hydrus-1D 

Water flow was simulated by numerically solving the Richards 
equation (Richards, 1931) through the one-dimensional layered soil 
profile: 

∂θ
∂t

=
∂
∂z

[

K(ψ)
(

∂ψ
∂z

+ 1
)]

− ξ(z,ψ, Tp) (3)  

where t is time, expressed in units of days (d), ψ is the matric pressure 
head (cm), z (cm) is the vertical axis (positive upward from the soil 
surface), θ (cm3 cm− 3) is the volumetric soil water content, and ξ (z, ψ, 
Tp) is the sink term (d− 1) describing the actual plant RWU rate function 
depending on z, ψ , and potential transpiration (Tp). The flow domain 
consisted of a heterogeneous (four soil layers) 135-cm-thick soil profile, 
discretized in 200 nodes with a denser discretization near the soil sur-
face. Hydrus-1D numerically solves the partial-differential equation (Eq. 
(3)) by using a finite element scheme for spatial discretization and a 
finite difference scheme for time discretization. The soil water retention, 
θ(ψ), and hydraulic conductivity, K(Se), functions (the so-called soil 

Fig. 1. a) Study site (Mead US-Ne1) location in 
Nebraska; b) sketch of the 135-cm-thick soil 
profile with four layers (0–18, 18–38, 38–75, 
75–135 cm); root depth (zr) changes over time 
during the growing season, and the maximum 
root depth is 135 cm; c) in-situ measurements of 
leaf area index (LAI) at the specified day of the 
year (DOY) (gray line) in each year and daily- 
mean LAI used for missing years (red line); the 
vertical dashed lines distinguish between vege-
tative (VGS) and reproductive (RGS) growth 
stages for maize.   
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hydraulic properties) in each soil layer are described by van Gen-
uchten’s equations (van Genuchten, 1980): 

θ(ψ) = θr +
θs − θr

[1 + (|αψ|
n
) ]

m (4)  

K(Se) = KsSτ
e

[
1 −

(
1 − S1/m

e

)m
]2

(5)  

where θs (cm3 cm− 3) and θr (cm3 cm− 3) are the saturated and residual 
volumetric soil water contents, α (cm− 1), n (-) and m = 1–1/n (Mualem 
restriction) are empirical curve-fitting shape parameters, Ks (cm d− 1) is 
the saturated hydraulic conductivity, and τ (-) is a tortuosity parameter 
that is assumed to be τ = 0.5 (Mualem, 1976). The degree of saturation, 
Se, varies between 0 (when θ = θr) and 1 (when θ = θs). 

Hydrus-1D considers the fate and transport of multiple solutes sub-
jected to first-order degradation reactions. Urea, (NH2)2CO, degrades to 
ammonium, NH4

+, which is subsequently transformed into nitrate, NO3
- , 

by the process of nitrification. NO3
- is then subject to denitrification. The 

partial differential equations governing the one-dimensional transport 
of N involved in sequential first-order decay chain reactions during 
transient water flow in a variably saturated rigid porous medium are 
taken as: 

∂θC1

∂t
=

∂
∂z

(

θDw
1
∂C1

∂z

)

−
∂qC1

∂z
− μ′

w,1θC1 (6)  

∂θC2

∂t
+

∂ρbS2

∂t
+

∂avg2

∂t
=

∂
∂z

(

θDw
2
∂C2

∂z

)

+
∂
∂z

(

avDg
2
∂g2

∂z

)

−
∂qC2

∂z

− μ′

w,2θC2 + μ′

w,1θC1 − ra,2

(7)  

∂θC3

∂t
=

∂
∂z

(

θDw
3
∂C3

∂z

)

−
∂qC3

∂z
− μw,3θC3 + μ′

w,2θC2 − ra,3 (8)  

where C is the solute concentration in the liquid phase (mg L− 1), S is the 
solute concentration in the solid phase (mg g− 1), g is the solute con-
centration in the gas phase (mg L− 1), θ is the volumetric water content 
(cm3 cm− 3), av is the air content (cm3 cm− 3), q is the volumetric flux 
density (cm d− 1), μw is the first-order rate constant for the solute in the 
liquid phase (d− 1), μ′

w is the first-order rate constant providing the 
connection between individual nitrogen species in the liquid phase 
(d− 1), ra is the root nutrient uptake term (mg L− 1 d− 1), Dw is the 
dispersion coefficient (cm2 d− 1) for the liquid phase, and Dg is the 
diffusion coefficient (cm2 d− 1) for the gas phase. The subscripts 1, 2, and 
3 represent (NH2)2CO, NH4

+, and NO3
- , respectively. 

The dispersion coefficient in the liquid phase, Dw, is given as: 

Dw = DL
|q|
θ
+ Dwτw (9)  

where Dw is the molecular diffusion coefficient in free water (cm2 d− 1), 
τw is a unitless tortuosity factor in the liquid phase, |q| is the absolute 
value of the Darcian fluid flux density (cm d− 1), and DL is the longitu-
dinal dispersivity (cm). 

2.3. Model parameterization 

In a preliminary step, the parameters (θr, θs, α, n, and Ks) controlling 
water flow in Hydrus-1D need to be assessed. The simulated water 
balance requires validation using soil water content values monitored at 
different soil depths along the profile. 

The lower boundary condition is set to free drainage (downward 
water flux at the bottom of the soil profile, q) as the mean annual depth 
to water is about 10 m and has minimal impact on the top few meters of 
soil (https://snr.unl.edu/data/water/groundwater/realtime/default.as 
px). The upper boundary condition depends on the atmospheric fluxes 
occurring at the soil surface (Rnet and Ep). When the superficial matric 
pressure head is less than a default threshold value, then the flux 

boundary condition at the soil surface automatically switches to a con-
stant pressure head boundary condition, resulting in a reduction of po-
tential evaporation (Ep) into actual evaporation (Ea). A proportion of net 
rainfall is turned into runoff when the superficial matric pressure head 
exceeds the maximum soil surface matric head value, representing the 
nominal depth of surface water ponding allowable before runoff gen-
eration. Initial conditions were set by interpolating the measured soil 
water content values in the soil profile on January 1st, 2001. 

Plant potential transpiration, Tp, occurs through the roots, which are 
linearly distributed along the soil profile, varying from a maximum at 
the soil surface to a minimum at the time-variant maximum rooting 
depth. Tp is reduced by water stress to actual transpiration (Ta). The 
actual RWU rate corresponding to Ta, i.e., the sink term (ξ) in Eq. (3), is 
modeled using the method proposed by Feddes et al. (1978). Maize Tp is 
reduced between ψ = − 325 cm (if Tp > 0.5 cm d− 1) or ψ = − 600 cm (if 
Tp < 0.1 cm d− 1) and the wilting point that corresponds to ψwp 
= − 8000 cm (Wesseling et al., 1991). Unlimited passive uptakes of both 
NH4

+ and NO3
- were allowed in the root solute uptake model by speci-

fying the maximum allowed uptake concentration exceeding NO3
- con-

centrations in the root zone. More details are provided in the Hydrus 
manual (Šimůnek et al., 2006). 

Fertilization was given in the form of urea (solute 1), and a total 
annual amount of 195 kg N ha− 1 (corresponding to a solute mass per 
unit area of 1.95 mg cm− 2) was applied on the soil surface in a single 
treatment on April 1st. The solute parameters featured in the ure-
a–ammonium–nitrate fertigation system subject to nitrogen (N) trans-
formation processes were taken from Hanson et al. (2006), as done by 
other authors (Ramos et al., 2012; Bradshaw et al., 2013; Nasta et al., 
2021). 

For each soil layer, the soil hydraulic parameters θs, α, and n were 
fitted to the measured soil water retention data pairs (Eq. (4)). To reduce 
the number of fitting parameters, we assumed θr = 0 cm3 cm− 3 (Leij 
et al., 2005). The Levenberg-Marquardt type parameter optimization 
algorithm embedded in Hydrus-1D was used to estimate the Ks values of 
each layer by minimizing the difference between simulated and 
observed soil water content values at the soil depths of 10 cm, 25 cm, 
50 cm, and 100 cm during the growing season (N = 3603). The com-
parison between observations and model simulations in the dormant 
season (N = 3702) was ignored in the inverse modeling since informa-
tion on snow accumulation, snow melting, and soil freezing-defrosting 
processes was missing. In Hydrus-1D, four observation points were 
placed at each of these soil depths. 

Model performance measures are based on the root mean square 
error (RMSE) and coefficient of determination (R2), defined as: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i
(Oi − Pi)

2

√

(10)  

R2 =

∑n

i
(Oi − Pi)

2

∑n

i
(Oi − O)

2
(11)  

where O, O, and P are the observed, mean of observed, and predicted 
values of soil water content at time step i expressed in days (n is the total 
number of time steps). For an optimum prediction, values should be as 
low as possible for RMSE and as close as possible to 1 for R2. 

In addition, the performance metric Kling-Gupta efficiency (KGE) is 
defined as (Gupta et al., 2009): 

KGE = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(r − 1)2
+ (β − 1)2

+ (γ − 1)2
√

(12)  

where r is Pearson’s correlation coefficient, β is the ratio of estimated 
and observed means, and γ indicates the ratio of estimated and observed 
coefficients of variation. Optimal predictions are diagnosed by KGE = 1 
as well as by r = 1, β = 1, γ = 1. 

P. Nasta et al.                                                                                                                                                                                                                                   

https://snr.unl.edu/data/water/groundwater/realtime/default.aspx
https://snr.unl.edu/data/water/groundwater/realtime/default.aspx


Agricultural Water Management 284 (2023) 108368

5

2.4. Synthetic approaches to estimate field capacity 

Soil water storage at field capacity (WFC) was estimated by using two 
synthetic approaches (Fig. 2):  

1) Synthetic drainage experiment scenarios were used to estimate the 
flux-based field capacity (WFC) by considering eight negligible 
drainage fluxes (qFC) (qFC = 0.01, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 
0.49 cm d− 1) proposed in the literature (red box in Fig. 2; Section 
2.4.1) (Nachabe, 1998; Romano and Santini, 2002; Twarakavi et al., 
2009; de Jong van Lier and Wendroth, 2016; Reynolds, 2018; Turek 
et al., 2020);  

2) Synthetic irrigation scheduling scenarios were used to estimate 24 
functional field capacity (WFC) values by considering local on-farm 
practices (Payero et al., 2008; Rudnick et al., 2016); the WFC value 
that results in minimum drought stress (or maximum percentage of 
Ta/Tp), minimum drainage flux (q) and nitrate leaching at the lower 
boundary (blue box in Fig. 2; Section 2.4.2) was selected as the 
optimal functional field capacity. 

2.4.1. Estimation of flux-based field capacity from drainage experiment 
scenarios 

The synthetic drainage experiment assumes an initially saturated soil 
profile, one-dimensional vertical gravity-driven flow (no lateral flow), 
null water flux across the soil surface (evaporation and rainfall set to 
zero), and no water uptake by roots (ξ = 0). Solute transport is neglected 
in this simulation, and the soil hydraulic parameters (θs, α, n, and Ks) in 
each soil layer were assessed in Section 2.3. 

The initial and boundary conditions were the following:  

ψ(z,t) = 0 for 0 ≥ z ≥ zr at t=0                                                      (13)  

q(z,t) = q0 = 0 at z = 0, ∀ t ≥ 0                                                      (14) 

∂H
∂z

= 1 at z = zr, ∀t ≥ 0 (15)  

where zFC is the depth of the model flow domain corresponding to the 
bottom of the active root zone (zr = − 135 cm), and H is the total hy-
draulic head (H = z + ψ). Conditions (14)–(15) impose: (i) zero soil 
matric head (ψ = 0) throughout the soil profile at the beginning of the 
simulation (i.e., an initially saturated, gravity-draining soil profile); (ii) 
zero water flux at the soil surface (q0 = 0 at z = 0) for t ≥ 0; and (iii) free 
drainage (∂H/∂z = +1) at the lower boundary (z = zr). 

The water storage at field capacity (WFC) in the root zone is defined 
as (Romano and Santini, 2002): 

WFC =
∑N

i=1
θiΔzi (16)  

where θi is soil water content at each i-th node and N is the total number 
of nodes within the selected zr, Δzi is nodal spacing, and 

∑N
i=1Δzi = |zr|. 

WFC is determined (Eq. (16)) when the flux at the bottom of the root zone 
(q) reaches a prescribed threshold value, qFC (qFC = 0.01 cm d− 1, 
0.025 cm d− 1, 0.05 cm d− 1, 0.1 cm d− 1, 0.2 cm d− 1, 0.3 cm d− 1, 0.4 cm 
d− 1, and 0.49 cm d− 1) at drainage time, tFC (Inforsato and de Jong van 
Lier, 2021; Turek et al., 2022). It is worth noting that, due to the 
discontinuity of the soil water contents across the interface of the soil 
layers, the value of θFC cannot be computed as the integral mean of the 
water content profile recorded at a certain time. 

Fig. 2. Schematic overview of the proposed methodology to assess: a) flux-based field capacity with eight synthetic drainage experiment scenarios depending on 
prescribed negligible fluxes, qFC (red box), and b) functional field capacity with 24 synthetic irrigation scheduling scenarios depending on the combination of four 
prescribed matric pressure head values, ψp, and six user-specified irrigation rates, Irrs (blue box). These prescribed values originate from site-specific farming 
practices reported in the field and in the body of literature. R, Rnet, Ep, Tp, q, Ea, Ta, and NO3

- indicate gross rainfall, net rainfall, potential evaporation, potential 
transpiration, drainage flux, actual evaporation, actual transpiration, and nitrate concentration, respectively. 
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2.4.2. Estimation of a functional field capacity condition from irrigation 
scheduling scenarios 

The initial and boundary conditions are the same as described in 
Section 2.3. The soil hydraulic parameters (θs, α, n, and Ks) of each soil 
layer were assessed according to the criteria described in Section 2.3. To 
mitigate excessive crop water stress during the growing season, Hydrus- 
1D has the option to trigger a user-specified irrigation rate (Irrs) when a 
prescribed pressure head (ψp) is reached at a given observation node. 
Irrigation starts after a user-specified lag period at a user-specified 
irrigation rate. The duration of irrigation is also specified. 

The irrigation scheduling scenarios were obtained by running 
Hydrus-1D repeatedly by changing:  

i) the prescribed matric pressure head values at which irrigation is 
initiated (ψp = − 300 cm, ψp = − 500 cm, ψp = − 700 cm, ψp =

− 900 cm) at an observation node located at the soil depth of 
67.5 cm, i.e., half of the maximum root depth (blue square in the soil 
profile in Fig. 2),  

ii) the specified irrigation rates (Irrs = 0.5 cm d− 1, Irrs = 1.0 cm d− 1, Irrs 
= 1.5 cm d− 1, Irrs = 2.0 cm d− 1, Irrs = 2.5 cm d− 1, Irrs = 3.0 cm d− 1). 

For simplicity, both the lag period and duration of irrigation were set 
to 1 day. The functional field capacity as the water storage (WFC) in the 
active root zone (Eq. (16)) was determined at the end of the synthetic 
irrigation event (after 1 day, as we set both duration and lag equal to 
1 day). The water and solute balance components were stored for each 
model simulation. 

3. Results 

3.1. Model parameterization and water and nitrate balance in the 
irrigated plot 

Whereas the Hydrus-1D model uses the basic units of length in cm, 
for convenience, the water balance components are presented here as 
units of length in mm. The optimized soil water retention parameters for 
each soil layer are reported in Table 1, whereas Fig. 3 shows the com-
parison between observed and simulated soil water content values at the 
four soil depths of z = 10 cm, z = 25 cm, z = 50 cm, and z = 100 cm. 
The shape of the water retention curve is mostly influenced by the values 
of n and α featured in Eq. (4). The soil water retention function of the 
deepest soil layers (z = 75–135 cm) has the lowest values of n and α, and 
is characterized by a smooth decay in soil water content with increasing 
pressure head values. The optimized values of θs and Ks show a 
decreasing pattern towards the deeper layers, and this behavior is 
mainly induced by soil compaction (Turkeltaub et al., 2020). The pre-
diction performance (RMSE and R2) metrics reported in Table 1 are fair 
despite the fact that we suspect the model was ill-informed by the sen-
sors located at two soil depths. The removal of observed soil water 
content values in the last five years (N = 1098) at soil depths of 10 cm 
and 100 cm for suspicious malfunctioning (especially the deepest layer, 
see Fig. 3e) enhanced the RMSE and R2 values (Table 1) and proved to be 
satisfactory if compared to previous studies in agricultural fields 

(Wollschläger et al., 2009; Wöhling and Vrugt, 2011; Ket et al., 2018; 
Sao et al., 2021). The best KGE was obtained in the deepest layer, where 
soil water content was kept constantly near fully saturated conditions 
(Fig. 3e). In contrast, the seasonal variability of the observed soil water 
content was difficult to match in the first three soil layers (Fig. 3b-d), 
and this is depicted by relatively lower KGE values (Table 1). This was 
corroborated by a scrutiny of the three KGE scores (r, β, and γ, not re-
ported in Table 1). The correlation coefficients passed the 0.05 signifi-
cance test in all layers and ranged between 0.435 in the second layer and 
0.473 in the fourth layer. The β values were close to unity for all layers, 
indicating unbiased predictions. While on the one hand, r and β values 
were similar in all layers, on the other hand, γ values controlled KGE 
along soil depth, with the farthest (γ = 1.492) and the closest 
(γ = 0.984) from optimum (γ = 1) for the second and fourth layer, 
respectively. 

The variability of simulated water content values (standard de-
viations of 0.0609 cm3 cm− 3, 0.0618 cm3 cm− 3, 0.0415 cm3 cm− 3, and 
0.0097 cm3 cm− 3 at soil depths of 10 cm, 25 cm, 50 cm, and 100 cm, 
respectively) was higher than the one of corresponding observations in 
the first three soil depths (standard deviations of 0.0542 cm3 cm− 3, 
0.0489 cm3 cm− 3, 0.0383 cm3 cm− 3, and 0.0113 cm3 cm− 3 at soil 
depths of 10 cm, 25 cm, 50 cm, and 100 cm, respectively). 

The impact of tillage operations on soil porosity was ignored, but we 
are aware that it might influence the soil hydraulic properties of the 
uppermost soil layer (Schlüter et al., 2018; Hu et al., 2018; Fu et al., 
2021; Talukder et al., 2022). 

The mean water balance in the irrigation seasons (corresponding to 
the 100-day-long period ranging from mid-June to mid-September) in 
2001–2020 is reported in Table 2. The inter-annual variability of water 
balance components was mainly controlled by rainfall variability, which 
ranged from 50.4 mm to 248.6 mm with a mean value of 146.7 mm. The 
amount of water supplied by rainfall in the irrigation season was not 
sufficient to meet the average crop-specific potential evapotranspiration 
demand (ETc =236.8 mm). 

As the total water supplied by precipitation and irrigation exceeded 
the crop water requirement during the irrigation season, ETa represented 
92% of ETc when using simulations with irrigation. Average annual 
drainage represented about 20% of precipitation and irrigation by 
inducing on average 0.376 mg cm− 2 (corresponding to 37.6 kg N ha− 1 

or 19.2% of applied fertilizer) nitrate leachate. The mean annual 
drought stress, namely the difference between potential (Tp) and actual 
(Ta) transpiration, was 19.1 mm and 36.0 mm with or without irrigation 
scheduling, respectively. Reductions in drainage (− 8.5 mm) and nitrate 
leaching (− 0.075 mg cm− 2 or − 7.5 kg N ha− 1) are reported when 
removing the irrigation events (Table 2). 

3.2. Estimation of flux-based field capacity from drainage simulation 
scenarios 

The decrease in water storage over time derived from the simulation 
of the draining process across the layered soil profile is presented in  
Fig. 4a. Theoretically, water storage and the corresponding drainage 
flux, q, at the bottom of the active root zone (Fig. 4b), decrease for very 

Table 1 
Optimized soil hydraulic parameters (saturated soil water content, θs, water retention shape parameters, α and n, and saturated hydraulic conductivity, Ks) in the four 
soil layers and corresponding performance metrics quantified through root mean square error (RMSE), coefficient of determination (R2), and Kling-Gupta efficiency 
(KGE) when comparing observed and simulated soil water content values (the number in each soil layer is indicated by N) at soil depths of 10 cm, 25 cm, 50 cm, and 
100 cm.  

Profile Interval θs α n Ks N RMSE R2 KGE 
cm cm3 cm− 3 cm− 1 - cm d− 1 - cm3 cm− 3 - - 

0–18 0.502 0.00321 1.452 50.2 2505 0.0660 0.228 0.329 
18–38 0.502 0.00321 1.452 10.3 3603 0.0671 0.190 0.251 
38–75 0.463 0.00551 1.255 30.6 3603 0.0465 0.228 0.393 
75–135 0.456 0.00059 1.135 4.50 2505 0.0124 0.167 0.473  
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long periods. We report the field capacity (WFC) at which q is equal to a 
predefined negligible flux, qFC (Table 3). 

We report tFC-values between 4 d and 391 d and corresponding WFC- 
values between 60.4 cm and 39.2 cm at the maximum (qFC = 0.49 cm 
d− 1) and minimum (qFC = 0.01 cm d− 1) qFC-values, respectively. Only 
the first prescribed negligible flux provides a drainage time that is 
consistent with the classical definition given by, i.e., “the amount of water 
held in soil after excess water has drained away and the rate of downward 
movement has materially decreased, which usually takes place within 2–3 
days after a rain or irrigation in pervious soils of uniform structure and 
texture”. 

Fig. 5 shows the vertical distribution of soil matric head and soil 

water content values at the eight drainage times listed in Table 3. Note 
that, during the evolution of the drainage process, soil matric head 
profiles are continuous in the entire flow domain, whereas soil water 
content profiles are discontinuous across the interface of layers char-
acterized by contrasting soil hydraulic properties (Romano et al., 1998). 
In other words, at a fixed drainage time (tFC), one can compute the 
profile-averaged matric head, but the discontinuity of water content 
profiles hinders the calculation of the integral mean for function θ(z,tFC) 
in the entire flow domain. This drawback raises further vagueness when 
assessing the soil water content at the condition of field capacity in the 
case of stratified soil profiles. Nevertheless, due to similar soil hydraulic 
functions of the first three soil layers (− 75 cm < z < 0 cm; see the 

Fig. 3. a) Daily net rainfall, Rnet (blue bars), and potential evapotranspiration, ETc (red line); observed (black circles) soil water content (θ) values are compared to 
simulated ones at soil depths of b) z = 10 cm (blue line), c) z = 25 cm (green line), d) z = 50 cm (red line), and e) z = 100 cm (magenta line). 

Table 2 
Mean, standard deviation (SD), minimum (Min), and maximum (Max) of annual net rainfall (Rnet), potential evaporation (Ep), potential transpiration (Tp), drainage (q), 
actual evaporation (Ea), and actual transpiration (Ta) for the growing seasons (July, August, and September) of 2001–2020.   

Input weather data Irrigation scheduling Without irrigation scheduling  

Rnet Ep Tp q Ea Ta NO3
- q Ea Ta NO3

-  

mm mm mm mm mm mm mg cm− 2 mm mm mm mg cm− 2 

Mean 146.7 26.8 210.0 87.0 26.8 190.9 0.376 38.6 26.8 174.0 0.101 
SD 59.0 9.5 14.1 16.5 9.5 15.8 0.083 17.5 9.5 22.0 0.062 
Min 50.4 16.6 183.1 83.2 16.6 149.5 4.30E-04 68.1 16.6 116.8 6.89E-07 
Max 248.6 63.0 238.7 18.7 63.0 217.5 0.352 12.8 63.0 197.8 0.234  
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hydraulic parameters in Table 1), Fig. 5b shows that the resulting soil 
water contents across the soil layer boundaries vary little, and therefore 
an average θ-value can be assumed to be roughly representative from the 
soil surface (z = 0) to the soil depth of 75 cm, especially for the times 
around 59 days after the initiation of the simulation (Nasta and Romano, 
2016). 

3.3. Estimation of functional field capacity from irrigation scheduling 
scenarios 

The results of the 24 synthetic irrigation scheduling scenarios are 
shown in Fig. 6. We calculated the water and nitrate balance compo-
nents in the 100-day-long irrigation season: total irrigation amount (Irr), 
number of irrigation events (N), actual transpiration (Ta), drainage (q) 
and cumulative nitrate flux (NO3

- flux). 
The four prescribed matric pressure heads (ψp) are distinguished by 

different colors in Fig. 6 and control the number of irrigation events 
(Fig. 6b). Triggering irrigation at a low matric head value (ψp =

− 900 cm, yellow bars) induced the lowest number of irrigation events 
(N = 5) and the lowest amount of total irrigation (Irr ranging from 
27 mm to 162 mm). In contrast, triggering irrigation at a pressure head 
(ψp = − 300 cm, green bars) close to the beginning of drought stress 
induced the highest number of irrigation events (N ranging from 14 to 
30) and the largest amount of irrigation sums (Irr ranging from 154 mm 
to 423 mm). Ta and q were correlated with the total amount of irrigation 
(Fig. 6a-c-d). Frequent irrigation applications (green bars in Fig. 6a) 
induced the largest Ta and q sums (green bars in Fig. 6c-d). The water (q) 
and nitrate leachate fluxes obtained by fixing Irrs = 0.5 cm d− 1 and ψp 
= − 300 cm were similar to those obtained without irrigation 

Fig. 4. Results of the simulated drainage process with a) the depletion of soil water storage (W) and b) the decay in drainage flux (q) at the lower boundary over time. 
The blue circles indicate the drainage time and soil water storage values when q equals eight prescribed negligible drainage fluxes, qFC, given in the literature (qFC =

0.01, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.49 cm d− 1). 

Table 3 
Drainage time, tFC, and water storage capacity at field capacity, WFC, for 
eight prescribed negligible fluxes, qFC, reported in the literature.  

qFC tFC W 

cm d− 1 d cm 
0.49 4 60.4 
0.4 6 59.6 
0.3 12 57.5 
0.2 23 54.9 
0.1 59 50.0 
0.05 119 45.8 
0.025 222 42.2 
0.01 391 39.2  

Fig. 5. Time evolution of a) the soil matric head, ψ, and b) soil water content, θ, profiles at the eight drainage times listed in Table 3. The horizontal dashed lines 
delimit the four soil layers. 
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scheduling. The irrigation management based on Irrs > 0.5 cm d− 1 and 
ψp = − 300 cm prevented the initiation of crop stress but would require 
many irrigation applications at the cost of obtaining the largest drainage 
and high nitrate contamination. When irrigation was initiated under 
sub-optimal water conditions (ψp = − 700 cm and ψp = − 900 cm), 
simulated Ta and q were lower than those obtained with ψp = − 300 cm. 
Nevertheless, Ta was quite insensitive to irrigation rates higher than 
1.0 cm d− 1 (Fig. 6c-d). The nitrate leachate was correlated to drainage 
but also depended on the reaction parameters (transforming urea into 
ammonium and ammonium into nitrate), root nitrate uptake dynamics, 
and fertilization timing and amount. Generally, nitrate leachate ranged 
between 0.121 mg cm− 2 (or 12.1 kg N ha− 1) and 0.611 mg cm− 2 (or 

61.1 kg N ha− 1) obtained when Irrs = 0.5 cm d− 1 and for ψp = − 700 cm 
and Irrs = 2.5 cm d− 1 and for ψp = − 500 cm, respectively (Fig. 6e). The 
range of nitrate leachate presented in Table 2 and Fig. 6e compares well 
to a similar field measurement-based study in the region, where 
measured nitrate leaching represented up to 27% of input for continuous 
maize (Klocke et al., 1999). 

Fig. 7 shows the distribution of field capacity (WFC) values by 
considering all irrigation scheduling scenarios. The mean of all field 
capacity values was 51.2 cm, whereas the 25th, 50th, and 75th per-
centiles were 48.1 cm, 51.4 cm, and 54.6 cm, respectively. The median 
of field capacity values tended to increase with increasing prescribed 
pressure heads (from 55.3 cm to 47.9 cm for ψp = − 300 cm and ψp =

− 900 cm, respectively) and with increasing irrigation rates. 
The pillar of “more irrigation, less drought stress, more drainage, and 

more nitrate leaching” was generally valid and the choice of the best 
irrigation practice depended on the maximum amount of water the 
producers were willing to supply, on the maximum crop yield (which in 
turn depends on the relationship with actual RWU), and on the 
maximum nitrate leachate allowed by local regulations. When nitrate 
concentration in groundwater is above 10 mg L− 1, the maximum 
contaminant level (MCL) and hazardous health effects become a concern 
among humans and animals (https://extensionpublications.unl. 
edu/assets/pdf/g1784.pdf). In light of these conditions, the best irri-
gation scheduling (Irr = 217.5 mm distributed in 21 events per irriga-
tion season) was determined when fixing ψp = − 700 cm and Irrs 
= 1.0 cm d− 1. This synthetic irrigation scenario ensured a rise in Ta from 
174.0 mm (Table 2) to 200.9 mm (Fig. 6c), in q from 38.6 mm (Table 2) 
to 59.9 mm (Fig. 6d), and in nitrate flux from 0.101 mg cm− 2 (Table 2) 
to 0.253 mg cm− 2 (Fig. 6e). The best irrigation scheduling scenario 
relied on a 217.5 mm irrigation amount by saving 72.5 mm in each 
season (when compared to the 290 mm supplied by local producers) and 
obtained Ta representing about 96% of Tp. The simulated drainage (q =
59.9 mm) and nitrate leaching (0.253 mg cm− 2) were lower than those 
(q = 87.0 mm and 0.376 mg cm− 2) simulated by using observed agro-
nomic practices (Table 2). 

A range of plausible values for the functional root-zone water storage 
was calculated using the Student’s t distribution for a 95% confidence 
interval, obtaining average values between 49.7 and 50.3 cm (corre-
sponding approximately to 80% of saturation condition). 

Fig. 8 shows an illustrative example of the irrigation application in 
2002 by fixing ψp = − 700 cm and supplying water at the rate Irrs 
= 1.0 cm d− 1. On day 613 (5 September 2002), ETa was 0.24 cm d− 1 and 
the profile-average matric head ψ = − 741.1 cm. Therefore, the irriga-
tion event started because ψp reached the threshold value of − 700 cm at 
the soil depth of 67.5 cm. Then, the irrigation application ended on day 
614 (6 September 2002), and both soil water content and matric pres-
sure head values increased in the upper layers of the soil profile by 
sustaining ETa = 0.297 cm d− 1. On day 615 (7 September 2002), the 
uppermost portion of the root zone (i.e., z between 0 cm and 40 cm) 
rapidly desaturated under dry conditions (as visualized by retreating 
orange curves in Fig. 8). Nevertheless, the soil water storage capacity 
ranged between 49.6 cm and 50.2 cm (approximately at the field ca-
pacity condition) by limiting drought stress and downward flux. 

4. Discussion 

Precision agriculture relies on efficient irrigation scheduling to apply 
water to crops at the right time and in the right amount (Graham et al., 
2022; Srinivasan et al., 2022; Kumar et al., 2022). Smart irrigation en-
ables farmers to save water without subjecting crops to moisture defi-
ciency and adverse environmental impacts (Bwambale et al., 2022). The 
functional field capacity (blue box in Fig. 2b) was derived from the 
optimal irrigation scheduling scenario by minimizing crop water stress, 
excessive drainage, and nitrate leaching in an agronomic layered soil 
profile beneath maize in eastern Nebraska. In this study, we found a 
mean seasonal irrigation total of 217.5 mm distributed over 21 daily 

Fig. 6. Irrigation season (from mid-June to mid-September) mean values of a) 
irrigation amount (Irr), b) number of irrigation events (N), c) actual transpi-
ration sums (Ta), d) drainage sums (q), e) cumulative nitrate flux (NO3

- flux) for 
user-specified irrigation rates (Irrs) and prescribed matric pressure head values 
(ψp = − 300 cm, ψp = − 500 cm, ψp = − 700 cm, ψp = − 900 cm, indicated by the 
green, blue, red, and yellow bars, respectively). Horizontal dashed lines indi-
cate reference values obtained from simulations without irrigation. 

P. Nasta et al.                                                                                                                                                                                                                                   

https://extensionpublications.unl.edu/assets/pdf/g1784.pdf
https://extensionpublications.unl.edu/assets/pdf/g1784.pdf


Agricultural Water Management 284 (2023) 108368

10

events. On average, simulated irrigation water was supplied every five 
days at a rate of 1 cm d− 1. In Mead, irrigation usually ranges between 
230 mm and 350 mm and is applied with a rate of 0.65 cm d− 1 per 
3-day-long period to ensure a full rotation of the pivot due to its speed 
(Suyker and Verma, 2009; Gibson et al., 2017). Frequent irrigation ap-
plications with relatively low rates are beneficial for crop growth but in 
practice might be affected by evaporation loss from the sprinklers, 
therefore, future studies should consider the tradeoff between mainte-
nance factors and optimal irrigation scheduling. 

Nitrate leaching is controlled by fertilization timing and amount, 
nitrogen transformations, root nitrate uptake dynamics, and water 
movement, which, in turn, are influenced by the soil hydraulic proper-
ties of each soil layer, atmospheric boundary conditions, and irrigation 
management (Weitzman et al., 2022). In this study, nitrate leachate 
(0.252 mg cm− 2 or 25.2 kg N ha− 1) derived from the best irrigation 
scheduling scenario represents 13% of the fertilizer amount 
(1.95 mg cm− 2 or 195 kg N ha− 1). High transpiration fluxes favored by 
irrigation supply during the irrigation season induce root nitrate uptake 
rates at their maximum level by limiting nitrate migration below the 
root zone. Samani et al. (2020) found mean annual nitrate leaching of 
52 kg N ha− 1 and 91 kg N ha− 1 for continuous corn and for 
corn-soybean rotation at Mead (NE). 

We neglected the economic criterion of efficiency because costs and 
prices are volatile and fluctuate rapidly from year to year, whereas the 
relationship between drought stress and crop yield needs to be carefully 

assessed in a follow-up study (Sharma and Irmak, 2020; Zhang et al., 
2021a, 2021b). Crop yield was ignored in this study because it would 
require specific on-farm measurements and a detailed crop growth 
model (Létourneau et al., 2015; Vogeler et al., 2019; Kelly et al., 2023). 

The other model simulation (red box in Fig. 2a) refers to a synthetic 
drainage experiment enabling the flux-based field capacity to be 
assessed. The determination of the flux-based field capacity is a non- 
trivial task and should follow a standard protocol by removing, as 
much as possible, all vague criteria related to the duration of the syn-
thetic drainage process (Veihmeyer and Hendrickson, 1949; Ritchie, 
1981; Wilcox, 1959; Assouline and Or, 2014; Armindo and Wendroth, 
2016). A further difficulty arises because real-world soil profiles are 
layered rather than uniform (Nasta and Romano, 2016). 

That said, we pose the following questions: what is the negligible flux 
rate at which simulated drainage is assumed null? What is the corre-
sponding drainage time? 

A first attempt is to take advantage of the information on soil water 
storage depletion over time. This task can be performed using quanti-
tative or qualitative techniques based on the soil water storage decay 
over time simulated during the synthetic drainage process. A qualitative 
and somewhat subjective technique has been illustrated by Zotarelli 
et al. (2019), who reported a very practical, but rather subjective way of 
detecting the condition of field capacity in actual agronomic soils as the 
point of intersection of the two tangents at the curve depicting the water 
storage depletion: one tangent drawn some hours or a few days 

Fig. 7. Box-plots of soil water storage at field capacity (WFC) for different irrigation rates (Irrs) and four prescribed matric pressure head values for initiating 
irrigation: a) ψp = − 300 cm, b) ψp = − 500 cm, c) ψp = − 700 cm, d) ψp = − 900 cm. The horizontal dashed line indicates the water storage at saturation (Ws 
= 63.6 cm). 

Fig. 8. Time evolution of a) the soil matric head, ψ, and b) soil water content, θ, profiles at days 613, 614, and 615. Irrigation was initiated on day 613 and ended on 
day 614 when water storage (WFC) at field capacity was recorded. The horizontal dashed lines delimit the four soil layers. 
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(fast-drainage slope) and the other tangent drawn several days or even 
several months (slow-drainage slope) after the start of drainage. By 
applying this empirical approach to the soil water storage depletion 
curve shown in Fig. 4, it was found that the root-zone water storage 
capacity at field capacity (WFC) is 53.7 cm, about 25 days after the 
beginning of the model simulation. 

A rough quantitative estimation of the drainage time (tFC) at the 
condition of field capacity was obtained by using the analytical method 
developed by Ogata and Richards (1957) and verified by Wilcox (1959). 
The soil water storage depletion curve of Fig. 4 was interpolated with a 
power function [W(t) = 78.7 × t− 0.117, for t greater than 1 day] whose 
derivative enabled us to obtain tFC = 57.2 d by fixing the negligible 
drainage flux dW/dt = qFC = 0.10 cm d− 1 as suggested by Meyer and 
Gee (1999), and hence to obtain WFC= 49.1 cm. 

Furthermore, in most cases, smart irrigation systems rely on low-cost 
capacitance sensors to monitor soil water content at different soil depths 
across the soil profile. Therefore, a convenient and practical rule to 
ascertain the condition of field capacity in the soil profile is to refer to 
the resolution of a sensor that expresses the extent to which the target 
variable can change to be recorded by the datalogger. New-generation 
capacitance sensors have a resolution of approximately 0.001 cm3 

cm− 3 and, accounting for the simulation results, this entails that the soil 
water storage depletion can no longer be detected at approximately 50 
days after the initiation of the synthetic drainage process. 

As a conclusive comment on the multiple aspects covered in this 
discussion section, we point out that the flux-based water storage at field 
capacity obtained from the synthetic drainage process is quite similar to 
the functional value of water storage capacity (WFC = 50 cm) reported in 
Table 3 at qFC = 0.10 cm d− 1 and tFC = 59 days. Yet, the drainage time at 
field capacity obtained from the synthetic drainage process should only 
be considered a fictitious parameter that allows comparing the two 
simulation scenarios used in this study (see the schematics in Fig. 2), but 
certainly cannot correspond to the maximum interval allowed between 
irrigations (i.e., the so-called irrigation frequency) if water is supplied at 
the rate Irrs = 1.0 cm d− 1. 

5. Conclusions 

Efficient irrigation scheduling optimizes the application of water at 
the right time and in the right amount. Field capacity represents the 
threshold storage needed to control the optimal irrigation amount by 
limiting the negative effects related to underwatering and overwatering. 
Applying more than the required irrigation water triggers excessive 
drainage and nitrate leaching. By contrast, supplying inadequate irri-
gation amounts may lead to crop stress and a reduction in crop yield. In 
this study, we assessed the functional water storage at field capacity by 
minimizing crop water stress and potential negative effects on the 
environment such as excessive drainage and nitrate leaching in a layered 
soil profile beneath maize in eastern Nebraska. We tested 24 irrigation 
scheduling scenarios by changing irrigation timing and rate. The lowest 
drought stress, drainage, and nitrate leachate were obtained by trig-
gering irrigation near optimal conditions (ψp = − 300 cm) for irrigation 
rates higher than 0.50 cm d− 1. By contrast, increasing the irrigation 
rates and amounts is detrimental in terms of drainage and groundwater 
contamination without further benefits for root water uptake. Therefore, 
an optimal compromise was found when fixing Irrs = 1.0 cm d− 1 and ψp 
= − 700 cm. The functional water storage field capacity (WFC) derived 
from this irrigation practice was between 49.70 and 50.30 cm, but this 
value cannot be directly converted into soil water content at field ca-
pacity (θFC) for the layered soil profile. 

The synthetic drainage experiment is used for assessing the flux- 
based field capacity that is obtained when the drainage flux at the 
lower boundary of the soil profile is approximately null. The functional 
analysis carried out in this study is useful to correct the vagueness in the 
synthetic drainage process when the field capacity concept was adapted 
to practical agronomic heuristics. This protocol can be transferred to 

other agricultural fields under different climates, soil, and crop char-
acteristics. Moreover, the implementation of improved irrigation 
scheduling schemes can help minimize adverse tradeoffs between water 
quality and water quantity that exist throughout the Midwest USA. 
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