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A B S T R A C T   

Plant available water (PAW) is an important indicator of soil suitability for crop growth and biomass production. 
Total available water (TAW) is defined as the difference between the water content at field capacity (FC) and at 
wilting point (WP). The readily available water (RAW) is a fraction of TAW defined as the water content between 
FC and the limiting point (LP). The challenge in determining TAW and RAW lies in the correct determination of 
FC, WP, and LP. We propose a process-based approach to address the issue, referenced as flux-based method 
(FBM). Five scenarios were used to assess the FBM: (1) generic soil-plant-atmosphere conditions, from which 
sensitivity analyses were performed; (2) a maize crop on several soils to compare the predictions of the FBM and 
the traditional FAO method; (3) mean plant-atmosphere conditions to map PAW from soil texture using the FBM 
and the FAO method; (4) a field experiment with a fully irrigated soybean crop; and (5) a field experiment with a 
common bean crop under water deficit. Resulting flux-based TAW and RAW showed high sensitivity to root 
length density and soil hydraulic parameters. The FBM tended to predict higher water contents at FC than the 
FAO method for maize crop scenarios. Texture triangles to predict TAW and RAW showed that the differences 
between the predictions of FBM and FAO are mostly due to the distinct values for FC, and for the LP, respectively. 
For both observed scenarios of soybean and common bean crops, the predictions of the FBM were plausible with 
time series of observed data. The FBM allows predicting PAW in Van Genuchten – Mualem type soils for different 
FC flux criteria, soil depths, root densities, and dynamic potential transpiration rates.   

1. Introduction 

Soil water mediates important ecosystem services in the critical zone 
at local, regional, and global scales, including functions related to 
biomass production of natural and agricultural ecosystems, which are 
partially regulated by root water uptake (de Jong van Lier et al., 2022; 
Skaggs et al., 2006). Not all soil water is available to plants, and plant 
available water (PAW) can be expressed as a fraction of total soil water 
storage (Bhattacharya, 2019; Ferreira, 2017; Kirkham, 2005; Silva et al., 
2014). The PAW fraction, also referred to as total available water 
(TAW), is commonly defined as the difference between the volume- 
based water content at field capacity (FC) and at permanent wilting 
point (WP). Another term with a similar meaning, but with a slightly 
different purpose, is the readily available water (RAW). The lower limit 
of RAW is the limiting soil water content (LP), which is related to the 
limiting soil hydraulic conditions and indicates the onset of plant 
drought stress (Metselaar and de Jong van Lier, 2007). Here, the term 

PAW will be used to encompass both TAW and RAW fractions. 
Whereas the value of PAW is important for many applications, e.g. 

for irrigation scheduling and hydrological modeling, its field determi
nation is hardly ever performed. Ideally, PAW should be determined 
considering the specific combination of plant, soil, and weather condi
tions. Due to its dependence on the interactions between the plant, the 
soil, and the atmospheric conditions, procedures for more accurate 
determination of PAW are cumbersome and labor-intensive, requiring 
an extensive number of measurements under controlled conditions (de 
Jong van Lier et al., 2022). Soil texture, structure, fertility, along with 
crop type, root characteristics, plant age, crop drought tolerance, as well 
as climatic conditions are just some of the many factors that can influ
ence PAW (Liu et al., 2022; Luz et al., 2022; Pinheiro et al., 2018). 

A standard method to quantify PAW was proposed by the Food and 
Agriculture Organization (FAO) in Irrigation and Drainage Paper No. 56 
(Allen et al., 1998), here referred to as the FAO method. As the water 
held in the soil above FC is destined to drain in a few days, and the water 

* Corresponding author. 
E-mail address: melo.marina@usp.br (M.L.A. de Melo).  

Contents lists available at ScienceDirect 

Geoderma 

journal homepage: www.elsevier.com/locate/geoderma 

https://doi.org/10.1016/j.geoderma.2022.116253 
Received 25 April 2022; Received in revised form 24 October 2022; Accepted 1 November 2022   

mailto:melo.marina@usp.br
www.sciencedirect.com/science/journal/00167061
https://www.elsevier.com/locate/geoderma
https://doi.org/10.1016/j.geoderma.2022.116253
https://doi.org/10.1016/j.geoderma.2022.116253
https://doi.org/10.1016/j.geoderma.2022.116253
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geoderma.2022.116253&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Geoderma 429 (2023) 116253

2

held below WP cannot be extracted by plant roots, according to this 
method the total available water (TAW, m3 m− 3) is the difference be
tween the water content at FC and at WP. To express TAW in units of 
water storage (m, mm), this difference is multiplied by the effective 
rooting depth (Allen et al., 1998). 

Although FC depends on soil layering and a criterion to define 
negligible flux, the soil water content at some pressure head usually 
between –1 m (pF 2.0) and –3.3 m (pF 2.5 or 1/3 bar) is often considered 
as FC (de Jong van Lier and Wendroth, 2016; Logsdon, 2019). Similarly, 
although WP may vary according to crop type, plant age and root dis
tribution, it is generally accepted that the soil water content at a pressure 
head of –150 m (pF 4.2) is a representative value for WP (Kristensen 
et al., 2019; Liu et al., 2022; Minasny and McBratney, 2018; Raes et al., 
2018; Savage et al., 1996). 

In an “adequately” wet soil, water supply to roots matches the at
mospheric demand of the crop, and water uptake equals potential 
transpiration. When the soil water content drops below a threshold 
value (the limiting point, LP), soil water can no longer move towards the 
roots quickly enough to match the transpiration demand and the crop 
experiences stress (Allen et al., 1998; de Jong van Lier et al., 2013; 
Metselaar and de Jong van Lier, 2007). Following the FAO method, the 
fraction of TAW that a crop can extract from the root zone without 
suffering water stress is the readily available water (RAW), obtained by 
multiplying TAW by the depletion fraction (p). Values of parameter p are 
given in Allen et al. (1998) as a function of the evaporative demand of 
the atmosphere and of the crop sensitivity to drought stress. In practice, 
a value of 0.50 for p is commonly used for many crops (Allen et al., 
1998). 

The volume-based water contents at FC, LP, and WP allow simpli
fying the determination of PAW. FC is primarily a function of soil 
properties, whereas LP and WP depend on soil, plant, and meteorolog
ical boundary factors (de Jong Van Lier et al., 2006; Pinheiro et al., 
2018; Tolk, 2003). The determination in laboratory of both FC and WP 
based on arbitrary pressure heads using a pressure plate apparatus may 
be adequate for some applications, but it ignores the dynamic nature of 
the involved processes. In fact, no simple and accurate method exists for 
either field or laboratory determinations of soil water storage (Bhatta
charya, 2019; Bittelli, 2009; de Jong van Lier et al., 2019; Silva et al., 
2014; Tolk, 2003). 

The drought stress expressed as a function of the fraction p of TAW is 
a rough simplification of soil-vegetation-atmosphere transfer processes, 
as recognized by Allen et al. (1998). The proper prediction of the LP 
should consider soil hydraulic properties (retention and conductivity), 
root density distribution over depth, and atmospheric water demand (de 
Willigen et al., 2012; dos Santos et al., 2017). The latter factor is only 
implicitly considered by the widely used FAO method. Similar consid
erations are valid regarding WP (van den Berg and Driessen, 2002), 
while for the upper limit of PAW, the FC concept remains ambiguous and 
subject to criticism (Assouline and Or, 2014; Turek et al., 2022). 

The correct determination of upper and lower limits of TAW and 
RAW is important, and mismatches may lead to inaccuracies in practical 
applications of TAW and RAW, like in predictions from bucket-type 
hydrological models, or in irrigation scheduling and management. In 
this context, the assumption of non-stressed cropping conditions or a 
“well-watered crop” (Allen et al., 2021; Pereira et al., 2020) required to 
determine the crop coefficient (kc), which is a globally accepted 
approach for computation of crop water requirements (Pereira et al., 
2015), cannot be sustained if the limits of plant available water are not 
adequately addressed. 

A process-based determination of upper and lower limits of PAW 
would allow improving the versatility of TAW and RAW prediction. 
Recently, Inforsato and de Jong van Lier (2021) developed polynomial 
functions to predict flux-based FC water content, ΘFC from soil hydraulic 
parameters. They defined FC as a soil property related to an average 
profile water content, hence to a soil water storage, considering a pre
defined depth and drainage rate. For stand-alone use, the polynomials 

allow the prediction of ΘFC for monolayer soils with known parameters 
of the Van Genuchten – Mualem (VGM) soil hydraulic functions (Van 
Genuchten, 1980). Regarding the LP, de Jong Van Lier et al. (2006) 
proposed an implicit numerical root water uptake model based on 
matric flux potential (M) to estimate the average soil water content at 
the onset of crop drought stress (ΘLP). Later, de Jong van Lier et al. 
(2009) derived an analytic expression for M(Θ) for VGM type soils, and 
Pinheiro et al. (2018) derived an expression to calculate M at LP inde
pendently of soil depth. Based on these proposals, it is possible to 
calculate flux-based FC and flux-based LP considering soil hydraulic 
properties and depth, rooting characteristics, and atmospheric 
conditions. 

In this study, we present a new method to predict PAW based on flux- 
based approaches for FC and LP (de Jong Van Lier et al., 2006; Inforsato 
and de Jong van Lier, 2021; Pinheiro et al., 2018), and a novel flux- 
based approach for WP, composing the flux-based method (FBM). 
Using this framework, we aim to predict PAW in Van Genuchten – 
Mualem type soils for different FC flux criteria, soil depths, root den
sities, and potential transpiration rates, quantify the variability of FC, 
LP, WP, RAW, and TAW explained by each parameter of the FBM, 
compare some predictions of the FBM with those of the traditional FAO 
method, and apply the FBM in both sink-limited and source-limited 
experimental conditions for plant transpiration. 

2. Material and methods 

2.1. Theory 

2.1.1. Field capacity 
Field capacity (FC) is a soil physical quantity related to soil water 

dynamics, originally defined by Veihmeyer and Hendrickson (1931). It 
refers to a profile water status corresponding to an arbitrarily estab
lished “negligible” drainage rate and can be assessed by means of an 
internal drainage experiment, in situ or simulated, without evapo
transpiration, and starting at saturation in field conditions. A flux-based 
approach to calculate the water content and pressure head at FC 
(respectively θFC and hFC) based on numerical simulations is the full 
polynomial expression derived by Inforsato and De Jong van Lier 
(2021). The FC predictors are the negligible flux criterion qFC, the soil 
depth Z, and the soil hydraulic properties (retention and conductivity) 
expressed by the Van Genuchten – Mualem (VGM) hydraulic function 
parameters (Van Genuchten, 1980): 

Θ =
θ − θr

θs − θr
= [1 + (α|h| )n

]
1
n− 1 (1)  

K = KsΘl
[
1 −

(
1 − Θ n

n− 1
)n− 1

n
]2

(2)  

where Θ is the effective saturation, θ (m3 m− 3) is the volumetric soil 
water content, θr (m3 m− 3) and θs (m3 m− 3) are the residual and satu
rated soil water content, respectively, K (m d–1) is the soil hydraulic 
conductivity, Ks (m d–1) is the saturated hydraulic conductivity, and α 
(m− 1), n and l are model fitting parameters. 

2.2. Limiting point 

The limiting point (LP) defines the onset of the falling rate phase of 
crop transpiration (de Jong Van Lier et al., 2006; Metselaar and de Jong 
van Lier, 2007). Defining the matric flux potential M as the integral of 
the hydraulic conductivity function [K(h)] 

M =

∫ h

href

Kdh (3)  

where href (m) is the lowest allowable root surface pressure head, and 
under non-hysteretic conditions, M is uniquely correlated to θ and h (M- 
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θ-h). 
Based on the theory developed by de Jong van Lier et al. (2006), 

Pinheiro et al. (2018) showed that for a soil with k layers, each with a 
thickness Li (m) and a root length density Ri (m− 2), the matric flux po
tential at the onset of transpiration limiting hydraulic conditions (viz.: 
drought stress), MLP (m2 d–1), can be predicted by 

MLP =
pTp

∑k
i=1LiRi

(4)  

where Tp (m d–1) is the potential transpiration rate and p is a constant 
equal to 5.3/π = 1.69. For a monolayer soil of depth Z, Eq. (4) reduces to 

MLP =
1.69Tp

ZR
(5) 

Note that the value of MLP is independent of soil type, whereas its 
respective pressure head hLP and the soil water content θLP – corre
sponding to the onset of limiting soil hydraulic conditions, at MLP – are 
dependent on the soil hydraulic properties. Using the VGM hydraulic 
functions (Van Genuchten, 1980), M can be related to h and θ (de Jong 
van Lier et al., 2009), and hLP and θLP can be determined for each soil. At 
water contents higher than θLP, no drought stress occurs, and transpi
ration is sink–limited (determined by atmospheric conditions). Below 
θLP, transpiration becomes source–limited (restricted by soil conditions). 

2.3. Wilting point 

The permanent wilting point (WP) commonly refers to the soil water 
content at a pressure head of –150 m. Simply relating WP to a specific 
soil water energy implies considering it independent of plant species and 
soil texture (Liu et al., 2022; Minasny and McBratney, 2018; Wiecheteck 
et al., 2020). However, as for the limiting point, experimental research 
showed that both pressure head and water content at WP are not a 
unique value for a specific soil, but are also dependent on crop charac
teristics and atmospheric conditions (Angus and van Herwaarden, 2001; 
Cabelguenne and Debaeke, 1998; Hsieh et al., 1972; Rawlins et al., 
1968; Wiecheteck et al., 2020). 

The value of h and θ at the soil-root interface when the LP and the WP 
occur has been of mathematical interest for dynamic root water uptake 
(RWU) models (Couvreur et al., 2012; de Jong van Lier et al., 2013, 
2008; de Willigen and van Noordwijk, 1987; Gardner, 1960; Hillel et al., 
1975; Javaux et al., 2013, 2008; Moldrup et al., 1992; Philip, 1957). In 
these models, the RWU rate is dependent on the soil water diffusivity, 
the root radius, the root length density, the rooting depth, and the plant 
transpiration rate. 

Based on such models and on the experimental findings of Sinclair 
and Ludlow (1986), and Sinclair et al. (2005), we hypothesize that as the 
soil dries below θLP (the onset of drought stress and source-limited 
transpiration), stomata closure will proceed, and canopy water vapor 
conductance will decrease until reaching a minimum value slightly 
greater than zero resulting from imperfect stomata closure and/or 
cuticular transpiration. It corresponds to a residual transpiration rate 
equal to Tp⋅fWP, where fWP is the ratio between the minimum and the 
maximum (potential) canopy water vapor conductance. The water 
content corresponding to this residual transpiration rate is the wilting 
point, θWP. Any further drying of the soil below θWP will lead to a root 
water uptake lower than the residual transpiration, and if this condition 
persists for more than a tolerable time, it will lead to permanent wilting 
and crop failure. 

Consequently, and analogous to Eq. (5), the matric flux potential at 
wilting point, MWP (m2 d–1), as well as the associated hWP and θWP can be 
predicted by 

MWP =
1.69TpfWP

ZR
= MLPfWP (6)  

2.4. Implementation of the theory 

The flowchart in Fig. 1 shows the implementation of the FC- 
polynomial, MLP (Eq. (5)), and MWP (Eq. (6)) approaches to predict, 
respectively, flux-based θFC, θLP, and θWP. To calculate θFC, the full FC- 
polynomial expression developed by Inforsato and de Jong van Lier 
(2021) was applied using the Van Genuchten – Mualem hydraulic pa
rameters, the soil depth Z, and the FC flux criterion qFC as predictors. The 
resulting effective saturation at field capacity (ΘFC) was then expressed 
as the soil water content at field capacity θFC using the suitable Van 
Genuchten – Mualem function (Fig. 1). 

To find θLP, we first calculated MLP as in Eq. (5), using the soil or 
rooting depth Z, the root length density R, and the potential transpira
tion Tp as predictors. Then, θLP was obtained using an inverse solution 
for the M(θ) expressions derived by de Jong van Lier et al. (2009), and 
hLP was calculated from θLP using the Van Genuchten – Mualem 
analytical functions. To calculate θWP, an analogous procedure was 
applied (Eq. (6)), in which an additional parameter – the wilting factor 
fWP – is required to calculate the MWP, and consequently, θWP (Fig. 1). 
Finally, RAW and TAW were calculated making RAW = θFC – θLP, and 
TAW = θFC – θWP. 

As a courtesy to the reader, a software to apply this framework was 
programmed in FORTRAN (F90) and is available on https://github. 
com/marinalamelo/flux_based_PAW. The input parameters required to 
run the software are: Z (m), R (cm cm− 3), Tp (mm d− 1), qFC (mm d− 1), 
fWP, Ks (m d− 1), θs, θr, α (m− 1), n, and l (Fig. 1). This software was used to 
assess the predictions of PAW in three simulated scenarios and two 
observed scenarios described in the next sections. 

2.5. Simulated scenarios 

Three general scenarios were simulated to assess the predictions of 
FC, LP, WP, TAW, and RAW according to the proposed flux-based 
method (FBM): i) a standard scenario of generic soil-plant-atmosphere 
conditions, from which sensitivity analyses were performed; ii) a sce
nario of a specific crop on several soils to compare the predictions of the 
FBM with those of the FAO method; iii) a scenario of mean plant- 
atmosphere conditions to map PAW from soil texture using the FBM 
and the FAO method. The procedures to parametrize each general 
simulated scenario will be presented in the following.  

i) Standard scenario 

A standard scenario of a homogeneously rooted soil profile was 

Fig. 1. Flowchart of the flux–based calculation of water content at field ca
pacity θFC, at limiting point θLP, and at wilting point θWP. ΘFC is calculated as a 
function of the Van Genuchten-Mualem soil hydraulic parameters, the FC flux 
criterion qFC, and the soil depth Z. MLP is calculated as a function of the soil or 
rooting depth Z, the root length density R and the potential transpiration Tp. 
MWP is calculated as MLP but using an additional parameter, the wilting factor 
fWP. The considered soil hydraulic parameters refer to the Van Genuchten – 
Mualem hydraulic functions. 
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parameterized. Values of soil or rooting depth, root length density, po
tential transpiration, and FC flux criterion were defined for a generic 
annual crop (Table 1). For the VGM soil hydraulic parameters, average 
values for the silt loam textural class of the USDA textural triangle were 
used (Carsel and Parrish, 1988). For the wilting factor (fWP), an 
approximation was made using average values of maximum canopy 
conductance and minimum leaf conductance for cereal crops presented 
in literature reviews (Duursma et al., 2019; Waring and Running, 2007). 
Data of minimum conductance were converted from mol m− 2 s− 1 to m 
s− 1 using equation 8.12 in Pearcy et al. (2000) assuming isothermal 
conditions, an atmospheric pressure of 101.3 kPa, and a leaf tempera
ture of 25 ◦C. The soil water content and the pressure head associated 
with FC, LP, and WP, and the corresponding PAW, were predicted ac
cording to our flux-based theory following the procedure illustrated in 
Fig. 1. 

From the standard scenario, a sensitivity analysis was performed to 
quantify the variability of FC, LP, WP, RAW and TAW explained by each 
parameter (Z, R, Tp, Ks, α, n, l, qFC, and fWP). As we introduced the 
concept of a residual transpiration rate equal to Tp⋅fWP associated with 
the wilting point, some complementary analyses were performed to 
quantify the variability of TAW explained by the wilting factor fWP, and 
the effect of fWP on the sensitivity of TAW to other parameters.  

ii) PAW for a specific crop 

The proposed FBM to predict PAW was compared with the tradi
tional FAO method applied to a maize crop, for several soils. The soils 
were represented by average hydraulic parameters (Ks, θr, θs, α, and n) 
estimated by Carsel and Parrish (1988) for the 12 texture classes of the 
USDA Soil Texture Classification (Table 2). The continuity-tortuosity 
parameter l was set to its standard value of 0.5 for all soils. 

For the FAO method, the water content at FC and the WP was 
associated with pressure heads of –1 m and –150 m, respectively. The 
water content at the LP was calculated using the depletion fraction p =
0.55, corresponding to a maize (grain) crop at a 5 mm d–1 evapotrans
piration rate (ET) (Allen et al., 1998). For the flux-based method, PAW 
was predicted considering rooting depth Z equivalent to the effective 
rooting depth of the FAO method, which was set 1 m according to 
Table 22 in Allen et al. (1998), and potential transpiration Tp equal to ET 
(5 mm d–1), i.e., negligible soil evaporation. The FC flux criterion (qFC) 
and the wilting factor (fWP) were set 1 mm d–1 and 10–2, respectively. 
Since root data are often unavailable, and to evaluate the sensitivity of 
estimations, the flux-based PAW was predicted for three scenarios of 
root length density R (0.01, 0.1, and 1.0 cm cm− 3), i.e., for a low, me
dium, and high R scenario.  

iii) Mapping PAW from soil texture 

The prediction of PAW by the FBM relies on information about the 
soil hydraulic properties (Fig. 1), which is often unavailable. 

Alternatively, the hydraulic parameters can be predicted from pedo
transfer functions (PTF), which use more readily available soil proper
ties like particle size distribution, bulk density, and organic matter 
content (Inforsato and de Jong van Lier, 2021). Here, the well-known 
PTF Rosetta (Schaap et al., 2001) was used to predict the VGM param
eters for both water retention and hydraulic conductivity functions. 
Rosetta is easily available and is based on an extensive soil database 
from North America and Europe that continues to be developed. The 
VGM parameters predicted by Rosetta were used to calculate the water 
content at FC, LP, and WP, and using these values TAW and RAW were 
calculated. 

Textural triangles were produced representing TAW and RAW using 
the H2 model of Rosetta, which only requires particle size distribution 
(sand, silt, and clay contents) as input. The VGM parameters were pre
dicted for all combinations of particle sizes at a 1 % resolution, resulting 
in 5,151 data points on each triangle. This procedure is analogous to the 
one performed by Inforsato and de Jong van Lier (2021) to predict ΘFC 
using their polynomial expression. 

The proposed FBM was compared with the FAO method for the 5,151 
soil texture combinations with mean plant-atmosphere conditions. For 
the FAO method, the water content at FC and the WP was associated 
with a pressure head of –1 m and –150 m, respectively. RAW was 
calculated as a fraction of TAW using the generic depletion fraction 
equal to 0.5 (Allen et al., 1998). For the FBM, the soil or rooting depth Z 
was considered equal to 0.5 m, which is a reasonable value for many 
crops. The potential transpiration was set 4 mm d–1, the FC flux criterion 
and the wilting factor were set 1 mm d–1 and 10–2, respectively, and 
three scenarios of root length density (0.01, 0.1, and 1.0 cm cm− 3) were 
considered. 

2.6. Observed scenarios 

Two field experiments were used to assess the predictions of flux- 
based FC, LP, WP, TAW, and RAW over time and under contrasting 
water regimes. The first experiment will be referred to as the fully irri
gated (FI) scenario with soybean crop while the second experiment will 
be referred to as the water deficit (WD) scenario with common bean 
crop. A description of each experiment will be presented in the 
following. 

2.7. Fully irrigated (FI) scenario 

The FI scenario comprises a three ha field in the São Paulo State, 
southeast Brazil (county of Piracicaba, 22◦42′S, 47◦38′W, 526 m a.s.l), 
where soybean (Glycine max) was grown between December 2017 and 
April 2018. The climate is of the Koeppen Cwa type (winter-dry 

Table 1 
Parameters for a standard scenario of a homogeneously rooted soil profile with 
hydraulic properties for a silt loam soil (Van Genuchten – Mualem function).   

Symbol Value Unit 

Soil or rooting depth Z 0.5 m 
Root length density R 0.5 cm cm− 3 

Potential transpiration Tp 4 mm d–1 

FC flux criterion qFC 1 mm d–1 

Saturated hydraulic conductivity Ks 0.11 m d–1 

VGM parameters θr 0.067 m m− 3  

θs 0.450 m m− 3  

α 2.0 m− 1  

n 1.41   
l 0.5  

Wilting factor fWP 10–2   

Table 2 
Hydraulic parameters according to the Van Genuchten – Mualem function for 
the 12 texture classes of the USDA Soil Texture Classification (Carsel and Parrish, 
1988). Parameter l was set 0.5 for all soils.  

Soil texture type (USDA Soil Texture 
Classification) 

Hydraulic parameters 

Ks θr θs α n 

m d–1 m3 m− 3 m− 1  

Sand  7.128  0.045  0.43  14.5  2.68 
Loamy sand  3.502  0.057  0.41  12.4  2.28 
Sandy loam  1.061  0.065  0.41  7.5  1.89 
Loam  0.250  0.078  0.43  3.6  1.56 
Silt  0.060  0.034  0.46  1.6  1.37 
Silt loam  0.108  0.067  0.45  2.0  1.41 
Sandy Clay Loam  0.314  0.100  0.39  5.9  1.48 
Clay loam  0.062  0.095  0.41  1.9  1.31 
Silty clay loam  0.017  0.089  0.43  1.0  1.23 
Sandy clay  0.029  0.100  0.38  2.7  1.23 
Silty clay  0.005  0.070  0.36  0.5  1.09 
Clay  0.048  0.068  0.38  0.8  1.09  
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subtropical with a warm summer). The soil at the experimental plot is a 
Rhodic Hapludox according to the USDA/Soil Survey Staff classification 
(USDA, 2014). The soil has a bulk density of 1,489 kg m− 3 in the A 
horizon (0–0.2 m) and 1,371 kg m− 3 in the Bt horizon (0.2–0.6 m). The 
texture is clayey, with clay contents in the A and Bt horizons of 0.52 and 
0.62 kg kg− 1, respectively. 

Full irrigation was applied from 26 December 2017 to 5 April 2018 
using center pivot sprinklers i-Wob® UP3® (Senninger Irrigation, Inc.). 
The irrigation amounts were scheduled by potential evapotranspiration 
(ETo) that was determined for both sites with the Priestley-Taylor (PT) 
method (Priestley and Taylor, 1972) based on solar radiation and air 
temperature variables that were recorded with sensors that were prop
erly calibrated and with weather data that were checked daily at the on- 
site weather station. The PT method was applied under minimum 
advection conditions, using the empirical parameter α = 1.26 (Pereira 
and Villa Nova, 1992). Subsequently, crop evapotranspiration was 
computed by multiplying ETo by the crop coefficient (Kc) as described in 
FAO-56 (Allen et al., 1998). The irrigation depth was 378 mm 
throughout the season, 25 mm on average for each of the 13 
applications. 

Volumetric soil water content (θ) was measured at two depths (0.2 
and 0.5 m) every 30 min, using dielectric probes (METER Group, Inc., 
model GS3). The GS3 probes use the capacitance method and can 
measure bulk electrical conductivity and temperature besides water 
content. For mineral soils, the GS3 accuracy is ± 0.03 m3 m− 3 with a 
resolution of 0.002 m3 m− 3 from 0.0–0.4 m3 m− 3, and 0.001 m3 m− 3 for 
> 0.4 m3 m− 3. The sensors were installed in the center of the irrigated 
area, both in the row and between the rows, at an average depth of 0.20 
m (0.18–0.23 m) and 0.50 m (0.48–0.53 m). 

Crop evapotranspiration was determined by the surface energy bal
ance using the Bowen ratio (β) method, based on vertical differences in 
air temperature and vapor pressure (Bowen, 1926). A β system were 
installed in the center of the field and measured the following weather 
variables: surface radiation balance (Rn) (Kipp & Zone Inc., model NR- 
Lite2), soil heat flux (G) (Hukeseflux Inc., model HFP01), measured at 
two points 0.05 m below the ground, and vertical gradients of air tem
perature and partial vapor pressure (Vaisala Inc., model HMP155), 
measured 0.80 m between the sensors and 0.20 m above the canopy. 
Data were recorded daily at 10-s intervals and stored as 15-min averages 
by a data-logger (Campbell Scientific, Inc., model CR1000). This 
experiment was also reported by da Silva et al. (2021) and Marin et al. 
(2019). 

2.8. Water deficit (WD) scenario 

The second experiment, referred to here as the water deficit (WD) 
scenario, was performed in a neighboring field of approximately 990 m2, 
where common bean (Phaseolus vulgaris) was grown between June and 
September 2010. The soil is a Rhodic Kanhapludalf according to the 
USDA/Soil Survey Staff classification (USDA, 2014). The soil has a bulk 
density of 1,560 kg m− 3 in the Ap horizon (0–0.2 m) and 1,380 kg m− 3 in 
the Bt horizon (0.2–0.8 m). The texture is clayey, with clay contents in 
the Ap and Bt horizons of 0.58 and 0.68 kg kg− 1, respectively. 

The experimental area was divided into two plots of 22 m × 22.5 m. 
A sprinkler irrigation installation was mounted at the site. One plot was 
irrigated during the whole crop cycle (fully irrigated plot), while the 
other one was subject to water stress in the reproductive phase (deficit 
irrigated plot). During the 91 days of field experiment (15 June to 13 
September 2010), rainfall was registered on July 13, 14 and 15, with an 
accumulated depth of 62.9 mm. There were also rain on September 7 
(12.8 mm), and September 21 (38 mm), during the ripening period. In 
total, the fully irrigated plot received 426.5 mm of water and the deficit 
irrigated plot received 314.5 mm. The deficit irrigated plot was sprinkler 
irrigated during the initial growing stages until 2 August but subjected to 
severe water stress after that, in the reproductive phase. To guarantee 
the survival of the crop, irrigation water were applied three times 

between August 4 and September 3 (~5 mm), which was defined as the 
interval of analysis of this study. 

Volumetric soil water content (θ) and pressure head (h) were 
measured at three depths (0.05, 0.15, and 0.30 m) every 30 min, using 
electrical conductivity sensors (METER Group, Inc., model EC-5) and 
polymer tensiometers (de Rooij et al., 2009). EC–5 sensors determine θ 
by measuring the dielectric constant of the media using capacitance/ 
frequency domain principle at a frequency of 70 MHz. For mineral soils, 
the EC–5 accuracy is ± 0.03 m3 m− 3 with a resolution of 0.001 m3 m− 3. 
The polymer tensiometer is an instrument developed at WUR, The 
Netherlands, and allows automated measurements of soil water tension 
throughout the range of interest in environmental studies (h values of 
–160 m or less, with an accuracy of 0.2 m), far beyond the range covered 
by conventional tensiometers. 

Canopy temperature, used as an indicator of water stress, was also 
measured every 30 min by an automated infrared thermometer (Apogee 
Instruments, model SI-111®). Relative transpiration, i.e., the ratio be
tween actual and potential transpiration (Ta/Tp) was calculated from the 
vapor pressure deficit and canopy temperature between 5 August and 1 
September using the Crop Water Stress Index (CWSI) proposed by Idso 
et al. (1981). Ta/Tp was considered equivalent to 1 – CWSI, as proposed 
by Jackson et al. (1981). This experiment was also reported by de Jong 
van Lier et al. (2013), Durigon et al. (2012), and Durigon and de Jong 
van Lier (2013); more information can be found in their publications. 

2.9. Comparison of FBM predictions to experimental data 

Daily weather data for Piracicaba were obtained from the University 
of São Paulo automatic weather station, located on the experimental site 
of the FI scenario and at a distance of 20 m from the experimental site of 
the WD scenario. The following daily weather variables are measured by 
the station: solar radiation (MJ m− 2 d− 1), net radiation (MJ m− 2 d− 1), 
relative humidity (%), maximum and minimum air temperatures (◦C), 
wind intensity (m s− 1), and rainfall (mm). 

For the FI scenario (soybean crop), VGM parameters were obtained 
by fitting simultaneously Eq.1 and Eq. (2) to data of a laboratory 
evaporation experiment assisted by the Hyprop system (METER Group, 
Inc.), using undisturbed soil samples collected at three depths (0.05, 
0.35 and 0.50 m) with five replicates. For the WD scenario (common 
bean crop), soil water retention parameters θs, θr, α, and n were obtained 
by fitting Eq. (1) to the field measurements of θ and h at the three 
observation depths. Hydraulic conductivity parameters Ks and l were 
obtained by fitting Eq. (2) to data of a laboratory evaporation experi
ment using polymer tensiometers and following the methodology 
described in Durigon et al. (2011). 

To apply the proposed flux-based method to predict plant available 
water in both observed scenarios (FI and WD), some assumptions were 
made and they will be reported in the following. Firstly, the period 
considered included only the reproductive stages of the crops (about 
50–80 days after sowing). During this period, both crops were well 
developed and promoted full soil covering. Therefore, as the application 
of the method was restricted to a period in which the root parameters 
may be considered constant and the soil evaporation flux negligible, 
corresponding assumptions are feasible. In other scenarios, these pa
rameters may have to be provided as time series over the crop growing 
period, as is commonly done for potential transpiration. 

Soil or rooting depth Z was considered equal to 0.5 m for both FI and 
WD scenarios, which is a reasonable value for typical soybean and 
common bean crops in Brazil (da Silva et al., 2021; Durigon et al., 2012). 
Root length density R was set 0.2 cm cm− 3 for the FI scenario (soybean), 
and 0.5 cm cm− 3 for the WD scenario (common bean), according to de 
Willigen and van Noordwijk (1987). For field capacity, a flux-based 
estimate (Inforsato and de Jong van Lier, 2021) was used correspond
ing to a profile depth of 0.5 m and a bottom flow qFC of 1 mm d–1 for both 
scenarios. 

The water flux at the depth of 0.5 m was determined for both 
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scenarios by simulation of internal drainage experiments performed 
with the SWAP model v. 4.0.1 (Kroes et al., 2017). To do so, the satu
rated hydraulic conductivity and VGM parameters obtained at different 
depths were used to parametrize the soil hydraulic properties, described 
in SWAP by the parameters θr, θs, α, n, Ks and l of the VGM functions, Eqs. 
(1) and (2). Then, to derive a unique set of parameters for each soil 
profile, the parameter estimation algorithm PEST (Doherty, 2016) was 
linked with SWAP. The PEST algorithm minimized the differences be
tween the water flux obtained in the simulated drainage experiments 
using the fitted VGM parameters for the FI and WD scenarios and the 
water flux simulated for the same scenarios with a unique set of pa
rameters for each soil profile. The obtained optimized root mean 
squared error of prediction was 0.0071 cm d–1 for the FI scenario, and 
0.0001 cm d–1 for the WD scenario. These procedures of parameter 
estimation were necessary because the FBM relies on the assumption of 
homogeneous soil hydraulic conditions over the soil profile. 

Potential transpiration Tp was set equal to potential or crop evapo
transpiration (ETc) over the period of time evaluated. For the soybean 
crop (FI scenario), Tp was set equal to ETc obtained from the Bowen ratio 
method. For the common bean crop (WD scenario), Tp was set equal to 
ETc calculated from daily weather data using the Penman-Monteith 
equation and the crop coefficient at the mid-season stage (Allen et al. 
1998). For both scenarios, the wilting factor was set at 10–2 following 
Pinheiro et al. (2019). A summary of the parameter values used to 
describe the FI and WD scenarios is presented in Table 3 except for Tp, 
which varied with daily weather conditions. 

3. Results and discussion 

3.1. PAW assessed by the flux-based method 

The proposed flux-based method to predict plant available water 
(PAW) provided reasonable values for the soil water content (θ) and the 
pressure head (h) at field capacity (FC), at limiting point (LP), at wilting 
point (WP), and consequently for the readily available water (RAW) and 
the total available water (TAW) for the simulated standard soil-plant- 
atmosphere scenario (Table 4). θFC was 0.10 m3 m− 3 lower than the 
saturated soil water content (Table 1), θLP was 0.185 m3 m− 3 lower than 
θFC, and θWP was 0.056 m3 m− 3 lower than θLP (Table 4). The associated 
pressure heads (hFC, hLP, and hWP) were within the reported ranges of 
observed values in the literature (Cassel and Nielsen, 1986; Durigon 
et al., 2012; Silva et al., 2014; Wiecheteck et al., 2020). RAW repre
sented 76 % of TAW, which is higher than the depletion fraction for 
almost all crops given in Allen et al. (1998), even for relatively drought- 
tolerant plants like conifer trees. It suggests that the FBM may predict 
higher values of RAW compared to the FAO method. This suggestion will 
be evaluated in the next sections. 

3.2. Sensitivity analyses of the flux-based PAW 

3.2.1. General analysis 
The sensitivity of θFC, hFC, θLP, hLP, θWP, hWP, RAW, and TAW to each 

parameter of the proposed flux-based PAW (Z, R, Tp, qFC, fWP, Ks, α, n, 
and l) was assessed considering reasonable ranges of parameter values 
(Fig. 2, Fig. 3, and Fig. 4). Fig. 2 shows water content and pressure head 
values as a function of the soil or rooting depth Z, the root length density 
R, and the potential transpiration Tp. The sensitivity of FC, LP, WP, and 
TAW to Z was higher for Z < 0.5 m (Fig. 2). As both θFC and θLP varied 
similarly with Z, RAW showed a very low sensitivity to Z, varying less 
than 0.005 m3 m− 3 over the entire evaluated range. 

R and Tp are not predictors of FC, and therefore show zero sensitivity 
(Fig. 2). On the other hand, LP, WP, RAW, and TAW were sensitive to R, 
which indicates that the value of this parameter may require experi
mental determination. However, it can be less feasible than determining 
other parameters that the method requires, like Tp, Z, and the soil hy
draulic parameters. Root length density R may be one of the most time- 
intensive parameters to determine, and this may explain the fact that 
root system quantitative research lags behind the measurements in the 
much easier accessible aboveground part (Lux and Rost, 2012). A 
smaller R reduces the plant capacity to extract water from the soil and 
results in a higher θLP and θWP, consequently a lower TAW and RAW. The 
variation of RAW and TAW over the entire evaluated range of R was 
0.168 and 0.062 m3 m− 3, respectively. 

The value of Tp had little impact on θWP and TAW while for θLP, hLP, 
hWP, and RAW the impact was considerable but not as significant as for 
variations in R (Fig. 2). A smaller Tp leads to a lower θLP and a higher 
RAW. The small impact of Tp on θWP and TAW is related to the applied 
calculation algorithm; note that to obtain MWP (Eq. (5)), Tp is multiplied 
by the wilting factor fWP (here assumed equal to 0.01). However, a small 
variation in M may translate into relatively large variations in h, mainly 
in the drier region of the M(h) curve. 

Fig. 3 shows water content and pressure head values as a function of 
the soil hydraulic parameters (saturated hydraulic conductivity Ks and 
VGM parameters α, n and l). Sensitivities are mostly not intuitive. The 
only parameter allowing a simple interpretation is Ks. A smaller Ks leads 
to higher values of FC, LP, and WP (Fig. 3). This refers to the fact that the 
values of unsaturated hydraulic conductivity (K) or matric flux potential 
(M) corresponding to drainage rate (e.g., FC) or root water uptake- 
related variables (e.g., LP and WP) are reached at a higher water con
tent or pressure head when Ks is lower. Similarly, a higher value of 
parameter l results in higher gradients of dK/dθ and dM/dθ, i.e., quicker 
reduction in conductivity, and critical values of K or M for drainage or 
water uptake will occur at higher water contents. 

The behavior of FC, LP and WP water contents and pressure heads as 
a function of variations in α and n is less intuitive since they affect both 
θ(h) and K(h) without an easy-to-define physical meaning. Both TAW 
and RAW as functions of α and n present a maximum. For the standard n 
= 1.41, the maximum TAW occurs at α = 0.89 m− 1 and the maximum 
RAW at α = 0.30 m− 1. For the standard α = 2.00 m− 1, both TAW and 

Table 3 
Parameters used to describe two observed scenarios in Piracicaba, Brazil, with 
contrasting water regimes: fully irrigated (FI) secnario with soybean crop and 
water deficit (WD) secnario with common bean crop.   

Symbol Value Unit 

FI WD  

Soil or rooting depth Z 0.5 0.5 m 
Root length density R 0.2 0.5 cm cm− 3 

FC flux criterion qFC 1 1 mm d–1 

Saturated hydraulic conductivity Ks 0.174 0.001 m d–1 

VGM parameters θr 0.284 0.075 m m− 3  

θs 0.448 0.364 m m− 3  

α 4.095 0.058 m− 1  

n 1.362 1.122   
l − 1.185 1.146  

Wilting factor fWP 10–2 10–2   

Table 4 
Water content θ and pressure head h at field capacity (FC), at limiting point (LP), 
at wilting point (WP), and plant available water (RAW and TAW) for a standard 
scenario of a homogeneously rooted soil profile with hydraulic properties of a 
silt loam soil, obtained using the flux-based method (FBM).   

Symbol Value Unit 

Field capacity θFC  0.350 m3 m− 3  

hFC  –0.76 m 
Limiting point θLP  0.165 m3 m− 3  

hLP  –13.77 m 
Wilting point θWP  0.109 m3 m− 3  

hWP  –112.10 m 
Plant available water RAW  0.185 m3 m− 3  

TAW  0.242 m3 m− 3  
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RAW showed a maximum at n = 1.35. 
Fig. 4 shows water content and pressure head values as a function of 

the FC flux criterion qFC, and the wilting factor fWP. Only FC is sensitive 
to qFC, and a smaller qFC leads to a lower FC, hence a lower RAW and 
TAW, especially for qFC ≤ 1 mm d–1 (Fig. 4). It is important to emphasize 
that a flux criterion below 1 mm d–1 is often unfeasible when it is 
associated with excessive times to reach FC, frequently in the range 
between 30 and 60 days (Inforsato and de Jong van Lier, 2021). In the 
feasible range of qFC between 1 and 4 mm d–1, the maximum variation in 
both RAW and TAW as a function of qFC was 0.037 m3 m− 3. Thus, the 
precise definition of qFC seems to be a minor concern compared with the 
sensitivity to the root and soil hydraulic parameters. However, it should 
be considered that the impact of qFC on PAW can be different among soil 
types (Lena et al., 2022). Besides, the impact of qFC on PAW may be 
major compared to the impact caused by variation in soil organic matter 

content or other management-induced changes, so proper definition of 
qFC is important for the application of the method. 

The wilting factor fWP only affects WP (Fig. 1). Reducing fWP makes 
WP correspond to lower water content, hence TAW increases (Fig. 4). 
The maximum variation in TAW as a function of fWP over the evaluated 
range from 0.001 to 0.1 was 0.028 m3 m− 3. Thus, the precise definition 
of fWP also seems to be a minor concern to predict PAW. However, as a 
novel concept of the WP including the parameter fWP was introduced in 
our theory, a more detailed assessment regarding fWP will be reported in 
the next section. 

3.2.2. TAW and the wilting factor 
Besides the standard scenario, the sensitivity of the total available 

water (TAW) to the wilting factor fWP was assessed for each two other 
simulated scenarios of rooting depth (Z), root length density (R) and soil 

Fig. 2. Water content and pressure head at field capacity (FC), at limiting point (LP), at wilting point (WP), total available water (TAW) and readily available water 
(RAW) as a function of the soil or rooting depth Z, the root length density R and the potential transpiration Tp, maintaining other parameters at standard values: Z =
0.5 m, R = 0.5 cm cm− 3, Tp = 4 mm d–1, Ks = 0.11 m d–1, α = 2.0 m− 1, n = 1.41, l = 0.5, qFC = 1 mm d–1, and fWP = 10–2. Vertical lines represent the standard value of 
the abscissa. 
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hydraulic parameters (Ks, α, n, and l). Results are shown in Fig. 5, where 
the standard scenario is represented by the green lines and indicated 
with an asterisk. 

The sensitivity of TAW to fWP is expected to be higher under condi
tions where plant drought tolerance is lower, i.e., scenarios with shallow 
soil depth, low root density, low soil hydraulic conductivity, or quick 
reduction in conductivity, i.e., high l (Casaroli et al., 2010; Durigon 
et al., 2012). Fig. 5 confirms this, and simulated scenarios with Z = 0.1 

m, R = 0.01 cm cm− 3, Ks = 0.011 m d–1, α = 100 m− 1, and l = 3.0 show 
higher sensitivities to fwp than scenarios with their standard values. In 
contrast, for scenarios with higher R, Z, KS or lower l, the exact value of 
fWP in the range from 0.001 to 0.1 seems to be of limited importance to 
predict TAW. Hence, parameter estimation efforts regarding fWP can be 
driven by the likelihood of plant drought stress. 

The value of fwp also affects the sensitivity of TAW to other param
eters, mainly to R, α, Ks, and l. A higher value of fwp tends to increase the 

Fig. 3. Water content and pressure head at field capacity (FC), at limiting point (LP), at wilting point (WP), total available water (TAW) and readily available water 
(RAW) as a function of the saturated hydraulic conductivity Ks and the VGM parameters α, n and l, maintaining other parameters at standard values: Z = 0.5 m, R =
0.5 cm cm− 3, Tp = 4 mm d–1, Ks = 0.11 m d–1, α = 2.0 m− 1, n = 1.41, l = 0.5, qFC = 1 mm d–1, and fWP = 10–2. Vertical lines represent the standard value of 
the abscissa. 
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sensitivity of TAW to R, α, and l, while it tends to reduce the sensitivity of 
TAW to Ks (Fig. 6). The combination of low values of R with high values 
of fwp corresponds to a scenario of few active roots and high residual 
transpiration, so the plant drought tolerance is low. It corresponds to 
high water content at wilting point (θWP) and, consequently, low TAW. 
In comparison to the standard scenario, the combination of higher 
values of α or l with higher values of fwp corresponds to scenarios of 
lower water retention or quicker reduction in conductivity with higher 
residual transpiration, which reduces TAW. In turn, the combination of 
higher values of Ks with higher residual transpiration also reduces TAW 
but the sensitivity is lower because the reduction in θFC due to higher Ks 
is greater than the increase in θWP due to higher fwp, as the general 
analysis suggests (Fig. 3 and Fig. 4). Based on these analyses, we 
observed that the proposed method to predict PAW, including a novel 
flux-based approach to calculate θWP, reproduces adequately the ex
pected behavior of some soil-plant interactions related to water avail
ability to plants. 

3.2.3. An example for a maize crop 
The availability of water for a maize crop was predicted according to 

the FAO method and the proposed FBM for three scenarios of root length 
density R (high: RH = 1 cm cm− 3, medium: RM = 0.1 cm cm− 3, and low: 
RL = 0.01 cm cm− 3) in the 12 soil texture classes of the USDA. Using the 
applied flux criterion qFC = 1 mm d–1, the FBM predicts a higher water 
content at field capacity (θFC) for all texture classes except for the sandy 
clay loam (Fig. 7). 

In contrast to the FAO method, the FBM enables including factors of 
root water uptake and transpiration in the prediction of both LP and WP, 
making it a process-based and more versatile method to predict PAW. 
This is clear from Fig. 7, which shows that, for the FAO method, RAW is a 
fixed fraction of TAW (p = 0.55) regardless of texture class, i.e., the 

important interactions between soil hydraulic properties and root water 
uptake are not considered. On the other hand, the FBM predicts different 
RAW/TAW ratios depending on the texture class and increasing values 
for θLP and θWP with decreasing R. In this context, in FAO Paper No. 56 
(Allen et al., 1998), a correction of the value of the depletion fraction p is 
suggested for different soil textures, but the procedure is based on 
empirical and imprecise relations, which may increase the uncertainties 
in the PAW prediction following the FAO method. 

It is interesting to observe that for a few texture classes (sand, loamy 
sand, and sandy loam) the FBM with the low R (FBM-RL) predicts a θLP 
higher than θFC. In these cases, θLP is not shown in the figure, and the 
crop will experience water stress even at FC. This condition (i.e., when 
drainage quickly produces a water content limiting transpiration) is 
physically plausible and may be expected in coarse-textured soils (soils 
with a high macroporosity and narrow pore-size distribution), in which 
drainage of water leads to a sharp drop in the pressure head (Pinheiro 
et al., 2019). For these soil textures, a higher negligible flux criterion 
may be more suitable to predict FC. 

The sensitivity of WP to R was variable among soil texture classes but 
in most cases, the θWP values for both methods were similar for the high 
R. The largest difference between the methods regarding θWP was 
observed for the sandy clay loam texture, in which θWP for the FBM was 
lower in all R scenarios. For all texture classes, the readily available 
water (RAW) was higher for the FBM-RH, and lower for the FBM-RL in 
comparison to the FAO method. The total available water (TAW) was 
similar between the FBM-RM and the FAO method for eight of the 12 
texture classes considered (Fig. 7). 

3.3. Soil textural triangle for mapping PAW 

The soil texture triangles in Fig. 8 show the prediction of Total 

Fig. 4. Water content and pressure head at field capacity (FC), at limiting point (LP), at wilting point (WP), total available water (TAW) and readily available water 
(RAW) as a function of the field capacity flux criterion qFC, and the wilting factor fWP, maintaining other parameters at standard values: Z = 0.5 m, R = 0.5 cm cm− 3, 
Tp = 4 mm d–1, Ks = 0.11 m d–1, α = 2.0 m− 1, n = 1.41, l = 0.5, qFC = 1 mm d–1, and fWP = 10–2. Vertical lines represent the standard value of the abscissa. 
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Available Water (TAW) using the Rosetta PTF following the two pre
diction methods: the FAO method and the proposed flux-based method 
(FBM). For the FBM, the triangle for the medium root length density R =
0.1 cm cm− 3 is shown, as not much difference was observed for the low 
or high R. The FBM provided a more complex behavior of the contour 
lines related to the soil texture in comparison to the FAO method 
(Fig. 8). In general, TAW was lower for the FBM (0.026 m3 m− 3 lower on 
average) especially at low sand contents and medium to high silt con
tents (lower right part of the triangle). The highest difference between 
the methods occurred at 26 % sand and 74 % silt, for which TAWFBM – 
TAWFAO was equal to –0.191 m3 m− 3. On the other hand, high sand 
contents (≥80 % sand) correspond to the lowest TAW values in both 
methods (Fig. 8). 

The FAO method considers fixed arbitrary values of pressure head 
associated with θFC and θWP, independently of the soil hydraulic prop
erties and soil depth. On the other hand, to predict θFC and θWP the FBM 

explicitly considers soil depth and hydraulic properties. Because of these 
conceptual differences between the methods, the results can be less or 
more different depending on the scenario, mainly regarding soil hy
draulic properties. For example, in Fig. 7 the highest difference in θFC 
between the methods was 0.041 m3 m− 3 for the sandy clay soil, while in 
Fig. 8 it was 0.189 m3 m− 3 for a silt loam soil (27 % sand and 73 % silt). 
Note that the results in Fig. 7 were generated from average soil hydraulic 
parameters values for each texture class (USDA) while the results in 
Fig. 8 were generated based on Rosetta PTF, which estimates soil hy
draulic parameters values for each combination of sand, clay, and silt 
contents, thus better capturing the sensitivity of PAW to those 
parameters. 

From a more detailed analysis of the silt and silt loam textures in 
Fig. 8 (lower right part of the triangle, 0–50 % sand and 100–50 % silt), 
we observed that FBM–θFC was 0.121 m3 m− 3 lower on average than 
FAO–θFC, whereas θWP differed less than 0.001 m3 m− 3. This indicates 

Fig. 5. Total available water (TAW) as a function of wilting factor fWP, for three values of each parameter: soil or rooting depth Z, root length density R, saturated 
hydraulic conductivity Ks, and VGM parameters α, n, and l, maintaining other parameters at standard values: Z = 0.5 m, R = 0.5 cm cm− 3, Tp = 4 mm d–1, Ks = 0.11 m 
d–1, α = 2.0 m− 1, n = 1.41, l = 0.5 and qFC = 1 mm d–1. *Standard parameter value. Vertical lines represent the standard value of the wilting factor. 
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that the differences between FBM and FAO method are mostly due to the 
distinct values for the upper limit (FC) of TAW rather than for its lower 
limit (WP). Indeed, this could be expected from the behavior of the soil 
hydraulic functions and it corroborates the greater interest in FC as a 
research topic compared to WP (Evett et al., 2019; Reynolds, 2018; 
Turek et al., 2020). 

It is important to emphasize that the pressure head at FC of − 1 m 
widely used in the FAO method and the generic FC flux-criterion of 1 
mm d–1 used in the FBM are probably not realistic for all particle size 
distributions, mainly for those less frequently reported in the literature, 
e.g., very silty soils. Thus, the values of TAW in both triangles of Fig. 8 
should not be interpreted as reference values, although they reveal 
important differences between the methods. In practice, the predictions 
of the FBM may imply a lower available water capacity for soils with 
medium to high silt contents (>40 % silt) and a higher available water 

capacity for soils in the range of 20 %-80 % clay and 0–20 % silt, with 
implications for the irrigation management. 

The soil texture triangles in Fig. 9 show the prediction of Readily 
Available Water (RAW) for various soil textures according to the FAO 
method and the FBM, using three values of R for the FBM: 0.01 cm cm− 3 

(low), 0.1 cm cm− 3 (medium), and 1.0 cm cm− 3 (high). Unlike TAW- 
FBM triangles, RAW-FBM triangles showed high sensitivity to R. 
Similar to results for TAW, the FBM provided less smooth contour lines 
related to the soil texture in comparison to the FAO method, and the 
lowest RAW values occurred at the high sand contents (≥80 % sand). 
The RAW values were generally higher for the FBM; the average dif
ference between the methods (FBM – FAO) was 0.04 m3 m− 3 for low R, 
0.057 m3 m− 3 for medium R, and 0.079 m3 m− 3 for high R. The highest 
difference between the methods was 0.118 m3 m− 3 at 36 % sand and 24 
% silt, considering the RAW-FBM triangle for high R (Fig. 9). 

Fig. 6. Total available water (TAW) as a function of soil or rooting depth Z, root length density R, saturated hydraulic conductivity Ks, and VGM parameters α, n, and 
l, for three values of wilting factor fWP, maintaining other parameters at standard values: Z = 0.5 m, R = 0.5 cm cm− 3, Tp = 4 mm d–1, Ks = 0.11 m d–1, α = 2.0 m− 1, n 
= 1.41, l = 0.5 and qFC = 1 mm d–1. *Standard parameter value. Vertical lines represent the standard value of the abscissa. 
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The higher RAW values predicted by the FBM were mostly due to its 
prediction of a lower θLP (0.108 m3 m− 3 lower on average for high R). 
This result corresponds to the fact that the FBM tends to predict higher 
values of RAW compared to the FAO method, mainly for medium to high 
R, as suggested in Fig. 7. Since the FAO method does not consider the 
effect of root length density on PAW, it may underestimate RAW for 
scenarios with dense root systems, e.g. grass and agroforestry buffers 
(Kumar et al., 2010). Hence, the improved prediction of PAW by the 
FBM, which considers the effect of rooting characteristics on PAW, 
would allow optimizing irrigation management and raising water 

productivity for any rooting condition as long as it is well parametrized. 

3.4. Flux-based PAW in contrasting water regimes 

The predictions of the proposed flux-based method for PAW were 
assessed for two observed scenarios of annual crops in the municipality 
of Piracicaba, Brazil (geographical coordinates 22.704◦ S and 47.634◦

W), under contrasting water regimes (Figs. 10 and 11). Unlike the 
simulated scenarios, these observed scenarios allow evaluating the 
application of the FBM for time series of water demand and supply and, 

Fig. 7. Readily available water (RAW), total available water (TAW), and water content at field capacity (θFC), at limiting point (θLP), and at wilting point (θWP) 
estimated according to the FAO method (FAO) and the proposed flux-based method (FBM) for three scenarios of root length density, RH = 1 cm cm− 3 (high), RM =

0.1 cm cm− 3 (medium), and RL = 0.01 cm cm− 3 (low) for maize (grain) in the 12 texture classes of the USA Soil Texture Classification. Fixed parameters: p = 0.55, 
hFC = –1 m, hWP = –150 m (FAO method); Z = 1 m, qFC = 1 mm d–1, fWP = 0.01, Tp = 5 mm d–1 (FBM). 

Fig. 8. Soil textural triangles of total available water (TAW) predicted by the FAO method (left) and the proposed flux-based method (FBM, right), using the VGM soil 
hydraulic parameters estimated by Rosetta for each combination of sand, clay, and silt contents. Fixed parameters: p = 0.5, hFC = –1 m, hWP = –150 m (FAO method); 
Z = 0.5 m, qFC = 1 mm d–1, fWP = 0.01, Tp = 4 mm d–1, and R = 0.1 cm cm− 3 (FBM). 
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therefore, closer to its practical use. 
In the first scenario, which comprises a fully irrigated (FI) soybean 

crop, soil water content (WC) was expected to stay close to field capacity 
(FC), and above the limiting point (LP) and the wilting point (WP) since 
there was no water deficit, i.e., the crop water requirements were fully 
supplied. Indeed, the predicted values for the LP and the WP were al
ways below the observed WC values at the depths of 0.2 m and 0.5 m 
during 50–80 days after planting (DAP). The predicted values were 
0.089 m3 m− 3 and 0.107 m3 m− 3 lower on average for the LP and the 
WP, respectively, considering the two depths measured. Additionally, 
the observed WC values at the depth of 0.2 m were close to the value 
predicted for FC on 18 of the 31 days considered (Fig. 10). Therefore, the 
FBM predicted RAW values corresponding to the no drought-stress 
condition and sink-limited transpiration assumed in the experimental 
design. TAW and RAW values predicted in the evaluated period were in 
the range of 0.09–0.10 m3 m− 3 and 0.07–0.09 m3 m− 3, respectively 
(Fig. 10). 

In the second and contrasting scenario, comprising a common bean 
crop under water deficit (WD), WC was expected to fall below FC, and 
stay below the LP and/or close to the WP in at least part of the rooted 
zone, since the crop was exposed to drought stress conditions during the 
evaluated period (50–80 DAP). The observed values of relative tran
spiration, i.e., the ratio between actual and potential transpiration (Ta/ 
Tp) obtained from canopy temperature measurements, fell below 0.5 on 
60 DAP and reached values close to zero on 79 DAP (Fig. 11). 

For this scenario, the observed WC values at the depth of 0.05 m were 
always below the predicted WP for the soil profile (0.114 m3 m− 3 below 
the WP on average). These low water contents in the surface layer can be 
explained by the fact that roots preferentially extracted water from this 
layer during the first weeks when water contents were high, leading to 
the very low values after 50 DAP. Note that the predicted WP refers to 
the effective hydraulic properties of the entire rooting depth (section 
2.5), so water contents in a specific layer can drop below the predicted 
WP by root water uptake. In contrast, at the depth of 0.30 m, the 
observed WC values were always above the WP, the LP and even the FC 
(0.086 m3 m− 3 above the LP on average). To survive under these con
ditions, roots adjust to near-surface drought by extracting water from 
deeper and wetter layers (Lai and Katul, 2000). 

At the intermediate depth (0.15 m), the observed WC values were 
below the predicted values for the LP from 63 DAP to 80 DAP (0.012 m3 

m− 3 below the LP on average), i.e., the FBM could predict water deficit 
at this depth for the major part of the evaluated period. Furthermore, the 
observed WC values were slightly below the predicted values for the WP 
from 66 DAP to 80 DAP (0.006 m3 m− 3 below the WP on average), with a 
slight recovery on 79 DAP because of irrigation (Fig. 11). Based on these 
results for the WD scenario, it can be considered that the FBM was able 
to predict drought stress in at least part of the rooted zone, and tran
spiration was predominantly source-limited. TAW and RAW values 
predicted in the evaluated period were around 0.042 m3 m− 3 and 0.035 
m3 m− 3, respectively (Fig. 11). 

Fig. 9. Soil textural triangle of readily available water (RAW) predicted by the FAO method (top, right) and the proposed flux-based method (FBM) for three values 
of root length density R: R = 0.01 cm cm− 3, R = 0.1 cm cm− 3, and R = 1.0 cm cm− 3, using the VGM soil hydraulic parameters estimated by Rosetta for each 
combination of sand, clay, and silt contents. Fixed parameters: p = 0.5, hFC = –1 m, hWP = –150 m (FAO method); Z = 0.5 m, qFC = 1 mm d–1, fWP = 0.01, and Tp = 4 
mm d–1 (FBM). 
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Even with the simplifications and assumptions made to assess the 
proposed FBM for PAW in two observed scenarios, the predictions of the 
method were plausible with observed data of soil water content in both 
sink-limited and source-limited conditions for plant transpiration. This 
outcome reveals the potential of the FBM to improve irrigation man
agement strategies, avoid productivity losses due to water stress and 
even allow the saving of irrigation water. Although theoretically sound, 
the FBM needs to be intensively tested in numerous observed scenarios 
or field experiments to better evaluate its performance in comparison to 
the FAO method, an objective that requires broad environmental pro
specting and may be addressed in the future. 

Our method allows predicting PAW in VGM type soils for different FC 
flux criteria, soil depths, potential transpiration rates, and root densities. 
Since free drainage conditions are assumed at the bottom of the soil 
profile, the influence of groundwater levels and capillary rise on FC is 
neglected. The ability of plants to use water between saturation and FC 
(de Jong van Lier, 2017) is also neglected since FC is assumed as the 
upper limit of PAW. Despite these limitations, the proposed flux-based 
method is an advance in the process-based prediction of PAW, which 
may help overcome some limitations of the traditional calculation of 
PAW. 

Further development of this method should address the flux-criterion 
for FC as the upper limit of PAW, the bottom boundary condition for 
shallow groundwater tables, as well as a comprehensive evaluation on 
the residual transpiration rate that defines the permanent wilting point. 
Other studies are encouraged to address the accuracy of the FBM using 
experimental data of soil water content related to plant water status, 
water uptake or transpiration rates, and even crop productivity in 
different environmental conditions. The FBM can also be compared with 
other methods to predict and map PAW for different soil textures, like 
those presented by Al Majou et al. (2008), Ferreira (2017), McNeill et al. 
(2018), and Ramos et al. (2014). Based on the outcomes of this study, we 

evaluate that the FBM is a promising approach to predict PAW mediated 
by unsaturated soil water flow, rooting characteristics, and atmospheric 
water demand, serving an important role in vadose zone research. 

4. Conclusion 

A flux-based method (FBM) to predict plant available water (PAW) 
was introduced. The FBM does not make use of any traditional pressure 
head value to define field capacity (FC) and the wilting point (WP), nor 
does it apply empirical parameters to calculate the limiting point (LP). 
After applying the FBM to several scenarios, we conclude that:  

1. Root length density (R) and soil hydraulic parameters (Ks, and VGM 
α, n, l) explain most of the variability of FC, LP, WP, RAW, and TAW 
predicted according to the FBM.  

2. For maize crop scenarios, the FBM tended to predict higher water 
contents at FC than the FAO method, while the WP can be similar to 
the common practice of adopting a fixed pressure head of –150 m, as 
in the FAO method, mainly in high to medium R scenarios.  

3. Texture triangles of TAW are little affected by R, and the differences 
between the FBM and FAO method are mostly due to the distinct 
values for FC. Texture triangles of RAW are strongly affected by R, 
and the differences between the FBM and FAO method are mostly 
due to the distinct values for the LP.  

4. The predictions of the FBM agreed with observed data of soil water 
content in soybean and common bean field experiments in south
eastern Brazil under dynamic conditions of sink-limited and source- 
limited transpiration.  

5. The calculation of PAW by the FBM for scenarios of different soil, 
plant, and atmosphere conditions may help improving irrigation 
management strategies, resulting in savings of irrigation water. 

Fig. 10. Observed potential transpiration (Tp), soil water content (WC) at depths of 0.2 m and 0.5 m, and rain or irrigation (Rain/Irrig.), together with predicted field 
capacity (FC), limiting point (LP), wilting point (WP), total available water (TAW), and readily available water (RAW) acoording to the proposed flux-based method 
for the fully irrigated (FI) scenario with soybean during 50–80 days after planting (DAP) in Piracicaba, Brazil. 
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Duursma, R.A., Blackman, C.J., Lopéz, R., Martin-StPaul, N.K., Cochard, H., Medlyn, B. 
E., 2019. On the minimum leaf conductance: its role in models of plant water use, 
and ecological and environmental controls. New Phytol. 221, 693–705. https://doi. 
org/10.1111/nph.15395. 

Evett, S.R., Stone, K.C., Schwartz, R.C., O’Shaughnessy, S.A., Colaizzi, P.D., Anderson, S. 
K., Anderson, D.J., 2019. Resolving discrepancies between laboratory-determined 
field capacity values and field water content observations: implications for irrigation 
management. Irrig. Sci. 37, 751–759. https://doi.org/10.1007/s00271-019-00644- 
4. 

Ferreira, M.I., 2017. Stress Coefficients for Soil Water Balance Combined with Water 
Stress Indicators for Irrigation Scheduling of Woody Crops. Horticulturae 3, 38. 
https://doi.org/10.3390/horticulturae3020038. 

Gardner, W.R., 1960. Dynamic aspects of water availability to plants. Soil Sci. 89. 
Hillel, D., Beek, V., Talpaz, H., 1975. A microscopic-scale model of soil water uptake and 

salt movement to plant roots. Soil Sci. 120, 385–399. 
Hsieh, J.J.C., Gardner, W.H., Campbell, G.S., 1972. Experimental Control of Soil Water 

Content in the Vicinity of Root Hairs. Soil Sci. Soc. Am. J. 36, 418–421. https://doi. 
org/10.2136/sssaj1972.03615995003600030017x. 

Idso, S.B., Jackson, R.D., Pinter, P.J., Reginato, R.J., Hatfield, J.L., 1981. Normalizing the 
stress-degree-day parameter for environmental variability. Agric. Meteorol. 24, 
45–55. https://doi.org/10.1016/0002-1571(81)90032-7. 

Inforsato, L., de Jong van Lier, Q., 2021. Polynomial functions to predict flux-based field 
capacity from soil hydraulic parameters. Geoderma 404. https://doi.org/10.1016/j. 
geoderma.2021.115308. 

Jackson, R., Idso, S., Reginato, R., Pinter, P., 1981. Canopy temperature as a crop water 
stress indicator. https://doi.org/10.1029/WR017I004P01133. 
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