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Abstract

Soil plays a pivotal role in enhancing global water and food security. Irrigation water constitutes more than 70% of the global
water demand. The anticipated demographic increase and changing climate will impose more pressures on the global water
and food systems. Therefore, and to achieve the target of “more crop per drop per area”, water management plans must be
based on more accurate quantitative and dynamic approaches. It is increasingly obvious that the unique aggregates structure
of the soil medium regulates water and nutrient circulations, and consequently defines soil and water health, productivity, and
water use efficiency. However, the soil aggregates structure is not currently well considered in the quantification of soil-water
holding properties. The authors applied a thermodynamic and soil structure-based approach to quantify soil-water holding
properties. Specifically, the paper aims at providing a methodology, based on the pedostructure concept, to quantify field
capacity (FC), permanent wilting point (PWP), and plant available water (AW). Pedostructure is a representative aggregates
unit of a soil horizon that describes the structural organization of the soil medium. Four types of soil were analyzed consider-
ing various soil texture and aggregates structure: loamy fine sand, silt loam, clay loam, and silty clay loam. The calculated
values for FC and PWP, based on the proposed pedostructure method, were compared with the recommended values by the
standard FAO method and soil suction method. Results showed good agreement between the calculated values of the two
methods. The proposed pedostructure method introduces a shift in quantifying the plant available water from a texture-based
estimation to a soil aggregates structure-based calculation. Such a shift will enable capturing the changes in soil aggregates
structure due to agro-environmental practices and the associated impact of these changes on soil-water holding properties.

Introduction

Soil-water holding properties are important in many agro-
environmental disciplines. In agronomy, these properties are
used for irrigation management (Allen et al. 1998), selection
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of cropping systems (Safadoust et al. 2014), and the leaching
losses of nutrients and soil applied fertilizers (Zotarelli et al.
2009). In environmental studies, they are used for water flow
modeling (Adekalu and Fapohunda 2007).

Field capacity provides a good example of why funda-
mental, quantitative approaches are still needed. The con-
cept of field capacity was first defined by Veihmeyer and
Hendrickson (1931) as: “the amount of water held in soil
after excess water has drained away and the rate of down-
ward movement has materially decreased”. Since then, the
concept has been used effectively in agronomy, as stated
earlier, to determine the plant available water and manage
and schedule irrigation (Allen et al. 1998). Practically, the
water content at field capacity should be measured in the
field after a few (1-3) days of drainage after infiltration fol-
lowing a full saturation of soil profile (Linsley and Franzini
1972). However, the concept of field capacity is subject to
criticism once researchers start working on quantifying field
capacity from laboratory measurements or simulation mod-
els. The researchers’ key question has always been how to

@ Springer


http://orcid.org/0000-0002-3360-1334
http://crossmark.crossref.org/dialog/?doi=10.1007/s00271-019-00630-w&domain=pdf

512

Irrigation Science (2019) 37:511-522

quantify the amount of water that corresponds to the field
capacity (Miller and McMurdie 1953; Cassel and Nielsen
1986; Twarakavi et al. 2009; Aschonitis et al. 2013), as
defined by Veihmeyer and Hendrickson (1931). Different
approaches have been proposed to determine the field capac-
ity. A widely used approach follows static criteria where
the water content at field capacity can be defined, either
through; (1) predefined soil-water pressure value, usually
at — 33 kPa (i.e., FC=W33); However, this value varies
from one country to another, and even between research-
ers of the same country (Nemes et al. 2011); or through
(2) pedotransfer functions (PTFs) that usually depend on
soil texture and organic matter to estimate the field capacity
(Rawls et al. 1982, Pachepsky and Rawls 2004, Saxton and
Rawls 2006). The second approach, which follows dynamic
criteria to estimate the field capacity, is primarily criticized
the static criteria approach due to soil hydraulic properties
being dynamic: making it fundamentally inconsistent to
define the field capacity with a static point (Nachabe 1998;
Meyer and Gee 1999; Zacharias and Bohne 2008). There are
two main concepts in the dynamic criteria approach; both
define the field capacity after a negligible drainage flux is
observed. The two concepts are: (1) time-based concept;
FC is the soil water content after a selected drainage time,
and (2) flux-based concept; FC is the soil water content that
yields a selected drainage rate (Ratliff et al. 1983; Nachabe
1998; Zacharias and Bohne 2008; Twarakavi et al. 2009).
There are pros and cons for both approaches; however,
both approaches ignore the role of soil aggregates structure
in regulating the soil-water interactions and circulations.
They both consider the soil medium to be a rigid porous
medium comprising bundle of capillary tubes with uniform
or various sizes (Braudeau et al. 2004). Therefore, soil-water
holding properties are currently identified based on the soil
texture and organic matter. This constitutes a major chal-
lenge in the existing agro-environmental models according
to Braudeau and Mohtar (2009). The absence of a quantita-
tive structural and thermodynamic characterization of the
soil-water interactions that captures the dynamic changes in
soil properties is a challenge. Accordingly, Braudeau et al.
(20144, 2016) introduced the pedostructure (the soil aggre-
gates structure) concept to recognize and characterize the
soil aggregates structure and its thermodynamic interactions
with water and air. In this research, the soil-water holding
properties are identified based on the pedostructure concept
(Braudeau et al. 2004; Braudeau and Mohtar 2009), in which
the soil medium is characterized through a set of parameters
that identify specific properties in the soil-water medium.
These soil parameters are called hydrostructural parameters.
Of course, soil texture and organic matter have a role in
forming the soil aggregates structure, but the soil manage-
ment practices and anthropogenic interventions will impact
the soil aggregates structure rather than impacting the soil
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texture. If soil-water holding properties are identified based
on the soil texture, any dynamic changes in soil properties
and hence, water holding properties, cannot be identified.
Therefore, compared to other soil-water characterizing and
modeling approaches, the pedostructure concept: (1) charac-
terizes the soil aggregates structure through a set of physical
parameters; (2) integrates the role of soil structure in iden-
tifying the soil-water holding properties; and (3) is, theo-
retically, able to capture and track any changes in the soil
aggregates structure using the hydrostructural parameters,
and thus, the associated changes in the soil-water holding
properties.

The main objective of this paper, then, is to introduce a
new approach, based on pedostructure concept, for deter-
mining the soil-water holding properties. The work will (1)
establish a methodology to quantify the soil-water hold-
ing properties (field capacity, permanent wilting point,
and available water) for soils based on their soil aggregates
structure; (2) evaluate the performance and validity of the
proposed methodology using different types of soils with
different textures and aggregates structures; and (3) compare
the identified soil-water holding properties by the proposed
method with the values identified by other commonly used
standard methods (FAQO estimates).

Theoretical background

The hydrostructural pedology paradigm:
pedostructure-SREV concept

The hydrostructural pedology paradigm was first introduced
by Braudeau and Mohtar (2009) to bridge the current gap
in agro-environmental models regarding soil representa-
tions and its thermodynamic interactions with water and
air. The paradigm proceeds from the application of the
systems approach to soil science, where its basic concepts
address the appreciation and characterization of the hierar-
chical internal organization (aggregates and structure) of soil
medium, and the role these play in the functioning of agro-
environmental systems. The two basic concepts of hydro-
structural pedology are: pedostructure concept (Braudeau
et al. 2004) and the Structure Representative Elementary
Volume (SREV) concept (Braudeau and Mohtar 2009).
Braudeau et al. (2004) introduced pedostructure concept,
based on Brewer’s description (1964) of the units and levels
of soil organizational structure, as an assembly of primary
peds (Fig. 1b) that can be combined to form higher lev-
els of soil organization up to a soil horizon (Fig. 1d). Soil
aggregates structure has been characterized and evaluated
using the soil shrinkage curve (Haines 1923; Coughlan et al.
1991). Therefore, Braudeau et al. (2004) made use of the soil
shrinkage curve to add the hydraulic functionality to the soil
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Fig. 1 Pedostructure-SREV concept: a a standard soil core to repre-
sent the pedostructure of a soil horizon, b TypoSoil™ apparatus, ¢
delineating the two water types of a pedostructure by soil shrinkage
curve (ShC) and water retention curve (WRC). On the ShC, points
(A, N, B, C, M, D, E, L, and F) are the characteristic points of the
water pools of the different shrinkage phases: interpedal, structural,

organization described by Brewer (1964) (Fig. 1¢). Accord-
ingly, pedostructure can be practically taken by a standard
soil core (Fig. 1a) to represent the unique soil organization of
the horizon it was taken from. According to Braudeau et al.
(2004), pedostructure contains two organized pore systems:
one embedded within the other and corresponding to its
intra- and inter-primary ped porosity. Thus, the pedostruc-
ture concept enables quantitative delineation of two water
types within a soil medium: micro-water and macro-water.
Understanding and quantifying those two water types plays
a pivotal role in quantifying soil-water holding properties
and enhancing irrigation water management.

The thermodynamic pedostructure concept was presented
by Braudeau and Mohtar (2009) with the notion of “Struc-
ture Representative Elementary Volume” (SREV). SREV is
similar to “Representative Elementary Volume” (REV) used
in soil physics, hydrology and hydrogeology to apply equa-
tions of the continuous porous media theory. Unlike REV,

Primary Peds

Primary Particles

Pedostructure

Water content [kgwatex/kgsolids]

(c)

Pedostructure and its Characteristic Parameters

Ema [ potential energy of the surface charges positioned
on the outer surface of the clay plasma of the
primary peds ]

[Macro-pore domain (W,..): Wiasat Nmar Vs Ko Kip Wi 1

ry B

Emi [ potential energy of the surface charge positioned
inside the clay plasma of the primary peds ]

[Micro-pore domain (W, ): Wiyisay N Vs, Kos Wi ]

(d)

basic and residual, and d representation of the characteristic param-
eters of a pedostructure according to Brewers’ (1964) notations of the
soil medium organization: the assembly of primary particles forms a
primary peds, and the assembly of primary peds forms a pedostruc-
ture

however, SREV is virtually delimited by an enclosure that
is permeable to air, water, or salt fluxes, but impermeable
to solids comprising that structure. This description defines
any SREV as a volume V comprised of a fixed mass of sol-
ids, mg, such that its specific volume, defined as V= V/mg,
depends only on the change in content of its mobile phases.
This change in reference from the REV to SREV concept
enables the link with soil organization and is directly related
to advances in soil medium representation in agro-environ-
mental models.

Based on pedostructure-SREV concept, there are two
pores regions within a pedostructure (Fig. 1c, d), such that:

1. Macro-pore region (W,,,), representing the pore vol-
ume and soil structure outside the primary peds. It may
contain two types of water: (a) interpedal water content
(w;p), which corresponds to the interpedal saturation
shrinkage phase of the shrinkage curve. This shrinkage
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phase has a slope of 1 (K;, = 1) parallel to the saturation
line (see Fig. 1c), and its presence only occurs when
the inter-aggregates macro-porosity is saturated with
water and the soil has the ability to hold more water
by spacing the aggregates: hence causing the sample
to swell. Actually, this water will have negligible role
in the calculation of the soil available water capacity
as it will be lost easily either through the gravitational
or evaporation forces, and (b) structural water content
(wys) Which represents the water pool associated with the
structural shrinkage phase (wy). The following water-
holding characteristic points of macro-pore water con-
tent are unique for each soil type (Fig. 1c): Wy is the
water content at the beginning of the effective shrink-
age of the primary aggregates. Actually, W, represents
the water content at which the micro-pore water content
starts contributing to replenish the lost water from the
macro-pore system. Wy, W, , Wy, are the characteristic
points of the interpedal water content (W;,), at the lower
limit of the interpedal shrinkage phase (if present), the

eqy _ T 1 1

hmi (Wml) - pWEml <Weq' B WmiSal
T 1 1

hma (Wren%l) = pwEma (m T w s

maSat

REAW) =

), inside the primary peds

water content (W,g,,), and W, is the water content at the
shrinkage limit.

Thermodynamic formulations of soil-water
characteristic curves

Hydrostructural properties are dependent on the thermody-
namic interactions between water, surface charges of soil
particles, and organic and mineral components constituting
the non-rigid structure of the soil. These thermodynamic
interactions can be first characterized by the water retention
curve (WRC) and the soil shrinkage curve (ShC). Key to
these curves is the fundamental nature of the thermodynamic
equations, the state variables used in the equations, and the
meaning of their parameters. Based on pedostructure-SREV
concept, and according to Braudeau et al. (2014a), at the
thermodynamic equilibrium between the two water pools
(micro and macro water poor), water retention inside and
outside the primary peds is the same, such that water reten-
tion measured by the tensiometer, #°4, can be modeled as:

ey

outside the primary peds

total macro-pore water content of pedostructure, and the
total water content at saturation, respectively. In case
there is no interpedal water, then there will be no (E
and F) points, and W; will represent the saturated water
content (Wg,).

2. Micro-pore region which represents the pore volume and
soil structure inside the primary peds where its water
content is called micro-water content (W, ;) and repre-
sents the amount of water that can be held within the
primary peds of the pedostructure. In a structured soil,
the micro-pore water content represents the main water
reservoir in the soil medium. This region contains two
water pools (a) basic water content (w,,) which repre-
sents the water pool associated with the basic shrinkage
phase (wy,) as shown in Fig. 1c, and (b) residual water
content (w,,) which represents the water pool associ-
ated with the residual shrinkage phase of the shrinkage
curve. The following water-holding characteristic points
of micro-pore water content are unique for each soil
type (Fig. 1c): W), is the water content equivalent to the
micro-pore volume at saturation; W is the water con-
tent at the beginning of the structural shrinkage phase;
Wg is the water content at the air entry point of micro-
pore structure, Wy is the water content equivalent to the
minimum micro-pore volume, or the saturated residual

@ Springer

where, W is the pedostructure water content [Kg, e, kg;}ﬂ],
W gravimetric macropore water content “outside the pri-
mary peds” [Kgaer kg;’lﬂ], Wi gravimetric micropore water
content “inside the primary peds” [Kgyqcer kgs_olil], E,, is
potential energy of surface charges positioned on the outer
s_urface of the clay particles of the primary peds [J kgs_olli b
E,; is potential energy of surface charges positioned inside
the clay particles of the primary peds [J kgs_olli al> Py 18 the
soil suction inside the primary peds [dm ~kPa], &, is the
soil suction outside the primary peds [dm ~kPa], p is the
specific density of water [1kg,,.,dm™].

Accordingly, at the point of thermodynamic equilibrium
within a pedostructure, the soil suction measured by the
tensiometer, 4%, corresponds to both potentials, such that:
h*d = h; = h,,, implying the division of soil water content
(W) into the two water pools. These water contents at equi-
librium are the solutions to a quadratic equation, derived
as a function of W that is the pedostructure water content
[KE\ater kg;fil], such that:

<W+

>t
N—
+

WL(W) =
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and
E A
(r=5) [l +2) - (5ew)
WAW) =W - W = 3
(2b)
where, A is a constant, such that: A = Ena vf"‘* ,

maSat miSat

E=E, +E,, and W_q, and W, g, are the micro and
macro water content at saturation such that
WSat = Wmisat + WmaSat'

Now, according to Braudeau et al. (2004), the soil shrink-
age curve is derived such that:

V= VO + Kbswig + Kstw:? + Kipwip 3)
where, V is the specific volume of the pedostructure
[dm® kgs_olil], V,, is the specific volume of the pedostructure
at the end of the residual phase [dm? kgs_olil], The slopes of
the dashed lines on Fig. 1c connecting points (M-N), and
(L-M) are the slopes of the shrinkage curve segments that
represent the basic (K,,), and (K,) structural linear shrink-
age phases, respectively [dm? kgv_vjner], K;, is the slope of the
line corresponds to the interpedal saturation shrinkage phase
of the shrinkage curve, if present, it will be parallel to the
saturation line, and wy,g, wg,, and wy, are the water pools asso-
ciated to the linear shrinkage phases of the pedostructure in

[KE yaer kgoy,] (Fig. 1o).

The water pools associated with the residual shrinkage
phase of the shrinkage curve (w,.), basic shrinkage phase
(W), the structural shrinkage phase (w,,), and the interpedal
shrinkage phase (w;,) are represented in Fig. 1¢ by solid and
dashed horizontal lines. The dashed portion of the lines was
used to represent the transition water content zone between
the different water pools. These water content can be mod-
eled as shown in Egs. (4-6) (which can also be calculated
from Egs. (2a, 2b):

= Wl = = I 1 exp (o (Wal = W)
“4)
Wa =W = W-W )
1
Wi, = k—ln [1+exp (k (W—=W.))] (6)

L

where, ky and k; represent the vertical distance between the
intersection points of the two tangents at points N, and L
(Fig. 1c) and the measured shrinkage curve, respectively
[kg,oi kg, s Wei is the micro-pore water content calcu-
lated by (Eq. 2b) but using Wy instead of W, W is the water
content at the intersection point (N) in (Fig. 1c¢) and repre-
sents the water content of the primary peds at dry state such
that Wy, = max(w,,) [Kgyaer kK&oh]- The other terms have

soil
been presented earlier.

Materials and methods
Soil samples collection and preparation

For better testing the proposed methodology for calculating
the soil-water holding properties based on pedostructure
concept, four different sets of soil samples were studied in
this paper. The selected soil samples represented different
soil texture and aggregates structure. Three undisturbed soil
cores (=5 cm, h=5 cm) replicates were sampled from
the top horizons of the following soils (Table 1): (1) Chazos
loamy fine sand soil. The samples were taken from a vegeta-
ble field in Millican Reserve in Brazos County, TX. It is an
Alfisol with a texture of: 4% clay, 13% silt, and 83% sand.
The soil taxonomy, according to US Soil Taxonomy, is: fine,
smectitic, thermic Udic Palustalfs; (2) Sabkha soil. It is a
native soil in the State of Qatar with high salinity due to the
capillary action of brackish groundwater in the area; the soil
has an EC value of 7.61 dS/m, and a pH value of 8.6. The
soil is a silt loam: 15% clay, 65% silt, and 45% sand. The soil
taxonomy, according to US Soil Taxonomy, is Haplocalcids
(Scheibert et al. 2005); (3) Victoria Clay soil. It was sampled
from a non-tilled agricultural field in Nueces County, TX.
It is a clay loam vertisol: 38% clay, 17% silt, and 45% sand.
The soil taxonomy, according to US Soil Taxonomy, is: fine,
smectitic, hyperthermic sodic Haplustert; and (4) Rodah soil
which is the most suitable soil for agricultural uses in Qatar.
The soil is a silty clay loam: 39% clay, 52% silt, and 9%
sand. The soil taxonomy, according to US Soil Taxonomy,
is Haplocalcids (Scheibert et al. 2005).

Table 1 General description

) ; Soil name Soil texture Sampling location
of the soil samples used in the
study % Sand % Silt % Clay Soil type
1 Chazos 83 13 4 Loamy fine sand Brazos County, Texas, USA
2 Sabkha 20 65 15 Silt loam Al Khor City, Qatar
3 Victoria 45 17 38 Clay loam Nueces County, Texas, USA
4 Rodah 9 52 39 Silty clay loam Al Khor City, Qatar
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Hydrostructural characterization of pedostructure

The methodology for soil hydrostructural characteriza-
tion, i.e., identifying the physical characteristic param-
eters of a pedostructure, is explained in Assi et al. (2014)
and Braudeau et al. (2016). Standard soil cores (@=5 cm,
h=5 cm) were taken from a soil horizon to represent the
pedostructure of this soil horizon. Then, these samples were
prepared and placed in TypoSoil™ (Fig. 1b) (Bellier and
Braudeau 2013). TypoSoil™ provides continuous and simul-
taneous measurement of three state variables for eight soil
samples in each run: moisture content (measured by a bal-
ance), soil suction (measured by ceramic cup tensiometers),
and specific volume (measured by two laser beams and 1
laser spot). The measured state variables will then be used
to construct the two soil-water characteristic curves: water
retention curve (WRC) and soil shrinkage curve (ShC) of
the pedostructure (Fig. 1c).

To construct the WRC and the ShC, the soil water content
and the soil specific volume need to be calculated from the
measured state variables, such that:

(m _MS)
M

S

W= . (N

where W is the water content of the soil sample
[KEater kgs'olli 41, m is the measured mass of the soil sample
[Kgyaer]s M, 1s the dry mass of the soil sample at 105 °C
[Kgsotial

=D’H

V=
4M

x 1074, ®)

where V is the specific volume of the soil sample
[dm3 kgs_olli i D and H are, respectively, the measured diam-
eter and height of the soil sample by the laser sensors [dm],
M, is the dry mass of the soil sample at 105 °C [kgiq]-

Then, the water retention curve (WRC) can be con-
structed by drawing the calculated soil water content (W
[KEater kg;}li 4)) vs. the measured soil suction (4 [dm ~kPa]).
And, the soil shrinkage curve (ShC) can constructed by
drawing the calculated soil water content (W [Kgcer kgs_olli )]
vs. the calculated specific volume V [dm? kg;)lu 4k

Finally, the hydrostructural parameters can then be
extracted by adjusting the modeled curves with the meas-
ured data as outlined at (Assi et al. 2014). The outcome of
this adjustment is a list of the hydrostructural parameters of
a pedostructure, in which each quantifies a specific hydro-
structural property of a pedostructure (soil medium) as

shown in Fig. 1d.

@ Springer

The soil-water holding properties based
on the pedostructure concept

In this research, the authors will build on the structural and
thermodynamic characterization of soil medium to develop
a methodology to identify the soil-water holding proper-
ties: field capacity, permanent wilting point, and available
water capacity. Compared to the permanent wilting point,
field capacity is more related to the soil aggregates structure
properties and has more significant impact on the water flow
and solute transport within soil profile. Thus, this work tar-
gets, primarily, quantification of field capacity as defined by
Veihmeyer and Hendrickson (1931) definition of field capac-
ity: “the amount of water held in soil after excess water has
drained away and the rate of downward movement has materi-
ally decreased”. There are three key words in this definition:
(1) soil; (2) drain off excess water, i.e., the “start from satura-
tion state”’; and (3) downward movement (almost negligible).
The pedostructure concept considers the soil and its unique
aggregates structure; whereas the thermodynamic defini-
tion and modeling of the different water-pore types within a
pedostructure addresses the other two key words. Based on
the pedostructure-SREV concept, these soil-water holding
properties can be quantified such that:

e Field capacity (FC) The water content at field capacity cor-
responds to the water content at which the thermodynamic
forces between soil and water are much higher than the
gravitational forces to appoint where the water flux out of
soil medium is negligible. Based on the thermodynamic
understanding of pedostructure, as explained earlier, this
water content can then be identified by the inflection point
in the micro-pore water content curve (as shown in Fig. 2a).
At this point, all the interpedal water will be vanished. The
inflection point was identified as the maximum absolute
value of the second derivative of the micro-pore water con-
tent curve (Fig. 2b), and this value is the field capacity of
the soil medium.

o Permanent wilting point (PWP) The water content at PWP
corresponds to the water content at the air entry point of
micro-pore domain. At this point, a capillary break within
the micro-porosity of primary peds occurs and the water
cannot be reached by the plant roots at the contact sur-
face of the peds (Braudeau et al. 2005). This water content
corresponds to the inflection point in the residual water
content curve as shown in Fig. 2a. The inflection point was
identified as the maximum absolute value of the second
derivative of the residual water content curve (Fig. 2b), and
this value is the field capacity of the soil medium.

e Available water capacity Available water capacity (AW)
can be then identified as the difference between the FC
and PWP, such that:
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Fig.2 The procedure for calculating the field capacity and perma-
nent wilting point: a modeling the pedostructure water contents from
saturation to dry state. This thermodynamic and structure-based mod-
eling identifies the contribution of the different water pore systems
as a respond to soil-water loss, and thus it can be used to identify
the water-holding characteristic properties for a specific soil type and
soil horizon, actually, the behavioral contribution of the pedostruc-

AW = V_VFC - WPWP 9

Results and discussion

Characterizing the maximum water holding
capacity within pedostructure

The hydrostructural parameters were extracted for 12 soil
samples (3 replicates for each soil type) by adjusting the
continuous and simultaneous measurement of the two
soil-water characteristic curves (Fig. 3), water retention
curve (WRC) and soil shrinkage curve (ShC), to the ther-
modynamic equations for these curves. The characteristic
parameters delineate two different pore-water systems:
micro-pore domain and macro-pore domain, which in turn,
enable quantifying the maximum water holding capacity
for each pore system for each soil sample.

It should be noticed that the WRCs for both the Chazos
loamy fine sand soil (Fig. 3a) and Victoria clay loam soil
(Fig. 3c) showed a noticeable interpedal water content
observed by the bulge in WRC near saturation. The pres-
ence of interpedal water in such a loamy fine sand soil
can be explained by the high percent of sand compared to
clay and the large pore volume that can hold such type of
water at saturation. In such a soil type, most of the water
content near saturation is held in large pores that will be
quickly drained mainly by gravitational forces. After that,
both gravitational and thermodynamic forces will play the
role in draining or retaining the soil water until reach-
ing the field capacity, and beyond the filed capacity, it
is only the thermodynamic forces that govern the water

& &)
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ture water contents explains having dashed line (transition zones) in
Fig. 1c when presenting the different pedostructure water contents, b
identifying the values of field capacity based on the absolute maxi-
mum value of the second derivative curve of the pedostructure micro-
pore water curve (W,,,), and the permanent wilting point based on the
absolute maximum value of the second derivative curve of the pedo-
structure residual water curve (w,.)

circulation in the soil medium. In Victoria clay loam soil,
the noticeable interpedal water was due to the fact that the
soil samples were taken from a field under conventional
tillage practices, and thus, the pore spaces between the
soil aggregates held the interpedal water. Actually, con-
ventional tillage causes the disturbance of soil aggregates
which, in turn, increases the spaces between aggregates
and thus increases the interpedal water. The interpedal
water was not observed in both native soil: Sabkha soil
and Rodah soil. There was no disturbance observed at the
soil layers where the samples were taken, and the soil was
well aggregated and intact.

Table 2 summarizes the soil hydro-structural parameters
that characterize the saturated (maximum) water holding
capacities within the pedostructure: (1) saturated water con-
tent (Wg,); (2) saturated micro-water content (W, ;q,.); and
(3) saturated macro-water content (W s,.) of the different
studied soil samples. Chazos soil showed a lower capacity for
holding water at W, = 0.265kg,, . ier kg'olﬂ, and only 54% of
this water was stored in the micro-pore domain. The saturated
water content for both Sabkha soil (Wg,, = 0.330kg,aer kgs_olﬂ)
and Rodah soil (Wg,, = 0.322kg, . keg_ ) was very similar;
However, the distribution of water between the micro and
macro pore domains was different in each soil type. Most of
the water in Rodah soil was stored in micro-pore domain at
Wiisat = 0.271 K8 aer kg;}il. This forms 84% of the overall
soil water content which indicates a higher retention of water
and field capacity value. Victoria clay loam soil samples had
the highest saturated water content W, = 0.354Kg,c kg;}“;
However, as shown in Fig. 3c, a good portion of this water is
interpedal water that quickly drained by gravity. Actually, it
was only 0.257kg,,... kg (73% of the soil water content)

-1
soil
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Chazos Soil- Loamy Fine Sand: Water Retention
Curve (WRC) and Soil Shrinkage Curve (ShC)
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Victoria Soil — Clay loam: Water Retention Curve (WRC)
and Soil Shrinkage Curve (ShC)
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Rodah Soil- Silt clay loam: Water Retention Curve
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Fig.3 A representative measured water retention curve (WRC) and soil shrinkage curve (ShC) for a Chazos loamy fine sand soil; b Sabkha silt

loam soil; ¢ Victoria clay loam soil; and d Rodabh silty clay loam soil

Table 2 Soil-water holding characteristics (saturated water content, saturated micro-pore water content and saturated macro-pore water content)

for the tested soil samples

# Soil name Soil texture

Saturated water content

Saturated micro-water con-  Saturated macro-water con-  Percent of
(Weod [KEyaier/KEgoil] tent (W) [Kyater/KEsoil] tent (Waga) [K8yater/KEsoil] x;n;isat to Wy
‘0
1 Chazos Loamy fine sand 0.265+0.017 0.141+0.009 0.124+0.011 53
2 Sabkha Silt loam 0.330+0.017 0.245 +0.005 0.085+0.014 74
3 Victoria Clay loam 0.354+0.013 0.257+0.004 0.096+0.017 73
4 Rodah Silty clay loam 0.322+0.003 0.271+0.006 0.051+0.009 84

that stored in the micro-pore and thus can be potentially avail-
able for the plant growth.

The soil-water holding properties: field capacity
(FC), and permanent wilting point (PWP) based
on pedostructure method and the standard soil
suction method

The field capacity of the soil medium was calculated by find-
ing the inflection point of the pedostructure micro-pore water

@ Springer

content, i.e., W curve on Fig. 2a. To find the exact value of
the water content at the inflection point, the second deriva-
tive curve of the micro-pore water content curve was cal-
culated, and the field capacity was set to equal the absolute
maximum value of the curve as shown in Fig. 2b. As it was
expected, the highest field capacity values were observed for
Rodah silty clay loam soil at FC = 0.275 Kg,,.r kg;}il and
Victoria Clay loam at FC = 0.260 kg, kgs_olﬂ. However,
the lowest value for FC was observed for Chazos loamy fine

sand soil at FC = 0.142 kg, kg_., (Table 3). The field
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Table 3 The calculated field capacity (FC), permanent wilting point (PWP), and available water capacity (AW) for the tested soil samples

# Soil name Soil texture Pedostructure Method

Standard Soil Suction Method

Field capacity Soil suc- Permanent Available Field capac-  Permanent Available water
(FC) [kgyue/ tion at FC wilting water capacity ity (FC) at wilting point  capacity (AW)
kgl [hPa=cm] point (PWP)  (AW) [kg, e/ h7=330hPa (PWP) at kg ater’KEsoitl
[kgwaler/kgsoil] kgsoil] [kgwaler/kgsoil] h=15000 hPa
[kgwaler/ kgsoil]
1 Chazos Loamy fine 0.142+0.007 136.7+15.2  0.053+0.016 0.089+0.009 0.103+0.006 0.045+0.002 0.058 +£0.004
sand
2 Sabkha Silt loam 0.247+0.005 2923+11.6 0.173+0.036 0.073+0.038 0.243+0.005 0.133+0.006 0.109+0.001
3 Victoria  Clay loam 0.260+0.002 218.6+17.3 0.070+£0.009 0.190+0.010 0.234+0.011 0.086+0.013 0.152+0.003
4 Rodah Silty clay 0.275+0.007 330.9+49.6 0.106+0.009 0.170+0.004 0.275+0.005 0.117+0.015 0.158+0.013
loam

capacity for Chazos soil corresponded to the soil suction
of h = 136.7 hPa, an approximate value of soil suction
(100 hPa) for such a course-textured soil was reported by
Romano and Santini (2002). However, the field capacity of
Rodah soil corresponded to a soil suction of 7 = 330.9 hPa,
an expected value for the soil suction at FC for such a fine-
texture soils (commonly used value is 330 hPa) as reported
by Richards and Weaver (1944).

The permanent wilting point of the soil medium was
calculated by finding the inflection point of the pedostruc-
ture residual water content, i.e., w,, curve on Fig. 2a. To
find the exact value of the water content at the inflection
point, the second derivative curve of the residual water
content curve was calculated, and the permanent wilt-
ing point was set to equal the absolute maximum value
of the curve as shown in Fig. 2b. The calculated values
for the PWP of Sabkha silt loam soil showed a higher
value than expected and also a higher standard deviation
PWP = 0.173 + 0.036 kg, kg,}. The reason behind
such a high value for the PWP can be explained by the dif-
ficulty of identifying the residual water content from the
shrinkage curve in such a salty soil. Near the dry state, the
salt starts to crystalize causing the disaggregation of soil
particles that can be noticed from the slight increase in
the specific volume (Fig. 3b) near the dry state (Assi et al.
2014). Such a high value for the PWP of Sabkha silt loam
soil affected the value of available water capacity mak-
ing it less than the AW for Chazos loamy fine sand, which
should not be the case. A high value of the permanent wilt-
ing point was observed for the Rodah silty clay loam soil at
PWP = 0.106 kg er kg;)lil compared to Victoria clay loam
soil PWP = 0.070 kg, kg;)li] and Chazos loamy fine
sand soil PWP = 0.053 kg, .r kg;}“. The highest available
water capacity value was observed for Victoria clay loam
soil (Table 3) at AW = 0.190 kg, ., kg_}, followed by the

soil?

Rodah silty clay soil at AW = 0.170 kg, kg2

soil”

Finally, the calculated values of FC, PWP, and AW based
on the proposed pedostructure method for different soil types

were compared with the estimated values using the standard
soil suction method. In the standard soil suction method, the
FC value corresponds to the soil suction at 330 hPa, and the
PWP value corresponds to the soil suction at 15,000 hPa.
The values of the FC and PWP based on the standard soil
suction method are presented in Table 3. The values of FC
represent the actual measured water content that correspond
to the soil suction of 330 hPa as measured by the tensi-
ometers in the TypoSoil™ apparatus. As shown in Table 3,
the difference in the calculated values of FC between the
pedostructure method and soil suction method was clear at
the Chazos loamy fine sand soil. According to pedostructure
method, the FC of this soil was 0.142 +0.007 Kger kgs'olil
and it corresponded to the soil suction of 136.7+15.2 hPa.
Thus, the FC at the soil suction of 330 hPa was much lower.
Moreover, as stated earlier, the soil suction of 136 hPa is
more suitable to estimate the FC rather than the 330 hPa.
In Table 3, the values of the PWP were estimated using
the modeled water retention curve. Usually, the water con-
tent at 15,000 hPa is measured using Richards’ pressure
plate, and thus, the 15,000 hPa represents actually the
exerted air pressure on the soil sample, and not the actual
soil suction inside the medium. Knowing that tensiometers
can provide the actual soil suction up to 1000 hPa (theoreti-
cally), and after that, pressure plate can be used to identify
the water content at different air pressure to construct the
water retention curve. The issue here is obvious, we assume
that the values of air pressure are equivalent to the soil suc-
tion values. Braudeau et al. (2014b), thermodynamically
unified the measured values of tensiometers and air pressure

plate in the following relationship: # = 137.721n <ﬁ + 1),

where & is the soil suction in kPa, and x is the air pressure in
kPa. This means that at T=294°K, the exerted air pressure
of 15,000 hPa is equivalent to 3791 hPa of soil suction.
Therefore, the soil water content at the permanent wilting
point (PWP) was calculated using the soil suction of
3791 hPa in the modeled water retention curve. As shown in
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Table 3, the highest variation between the estimated values
of PWP based on the two methods was for the Sabkha soil.

NA

1.462+0.115 0.260+0.017 0.379+0.012 0.106+0.004 0.155+0.008 0.224+0.006 0.300-0.370 0.170-0.240

Comparing the pedostructure approach
with the standard FAO estimates for field capacity
and permanent wilting point

FAO method

The calculated soil water holding properties: field capacity,
permanent wilting point, and available water were compared
with the standard range of values suggested by FAO (Allen
et al. 1998). To be able to do such a comparison, the gravi-
metric water contents as reported in pedostructure method
(kZyater kgs_olil) were converted to volumetric water contents

1.417+0.115 0.260+0.002 0.331+0.018 0.070+0.009 0.099+0.009 0.231+0.023 NA

3m’) AW (m¥/m*)  Opc (m*/m?)  Gpyp (m*/m?)

(m?m™3) as shown in Table 4. £ | I+ H
A constant bulk density, usually the wet bulk density %

measured at field capacity, is currently used in calculat- @

ing the soil-water holding properties. In this section and as g‘)

shown in Egs. (8) and (9), the wet bulk density which the %‘) | TR

bulk density at field capacity was used to convert the gravi- &

metric water content at FC to the volumetric water content. =

The wet bulk density is the inverse of the specific volume, .

observed on the ShC, that correspon_ds to the water con- :.\E | S S

tent at FC, such that: p,., = ppc = 1/Vge. Whereas, the dry £

bulk density which the bulk density at permanent wilting &

point was used to convert the gravimetric water content at .

PWP to the volumetric water content. The dry bulk den- Ro4

sity is inverse of the specific volume, observed on the ShC, %0 ' AN

that corresponds to the water content at PWP, such that: .§

Pary = Ppwp = 1/ Vow-

Therefore, the conversion from gravimetric water content
into volumetric water content was done as following:

1.268+0.035 0.247+0.005 0.310+0.004 0.173+0.036 0.220+0.048 0.090+0.046 0.220-0.360 0.090-0.210

1.449+0.002 0.142+0.007 0.206%0.010 0.053+0.016 0.077+0.023 0.129+0.013 0.110-0.190 0.030-0.100

*kkg)  pre (kg/dm®)  Vpwp (dmP/kg) ppwp (kg/dm?) Pedostructure method

Table 4 The estimated values of the field capacity (FC), permanent welting point (PWP) and available water (AW) based on the pedostructure method and the corresponded range of values as

o Prc -
9FC=WFC<p_> (10) g § lg §
w S S o o
H o HOH A
s 28
= Ppwp 8 BR S
Opwp = WPWP( > (11 ° 22 <°
pW [sa) S N ®
= T © o
S S S S
where, O and Opyp are the volumetric water contents at 2 995
field capacity and permanent wilting point, respectively %\ E E §
[ma,am/mgoﬂ], prc and ppyp are the bulk densities of the soil o T B
at field capacity and permanent wilting point, respectively 2 ‘é § g §
[kg,i/dm2 1, and p,, is the specific density of water [Kgy e,/ = S S <SS
S Vs - a 5 | § S
dmg, ). Where pre = 1/Vic, and ppyp = 1/ Vpyp. Here, Vi = |2 g8 88828
and Vpyp are the specific volumes [dm?/kg,;] at the field Z |5 S S oSS
capacity and permanent wilting point as observed in the soil Y
shrinkage curve, respectively. = g _ g
In this paper, the focus was on building a standard meth- 2z 2 % i %‘
. . . . k=] k=)
odology for estimating field capacity and permanent wilt- 3| o g = =2
) ; . . s |l= 2 &Y=
ing point that consider the soil aggregates structure. To g £ S_ T =2_
test the validity of the method, different soil types were |2 S g _ig g E %
5] 3 %) ] -
analyzed by the proposed method (pedostructure method). 2 |3 57 &5 <
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As shown in Table 4, most of the calculated values for FC
and PWP were in good agreement with the recommended
values by the FAO estimates. The calculated field capac-
ity based on pedostructure method for Chazos loamy fine
sand soil, Sabkha silt loam, and Rodah silty clay loam were
0.206 + 0.010,0.301 + 0.004, and 0.379 + 0.012 m?/m’,
respectively. The calculated values, considering the standard
deviation, were in good agreement with FAO estimates. The
FAO estimates for such soil types are: (0.110-0.190 m*/m?),
(0.220-0.360 m*/m?), and (0.300-0.370 m*/m?), respec-
tively. For Victoria clay loam soil, the FC value, as measured
by pedostructure method, was 0.331 + 0.018 m?/m?> and this
is within an acceptable range for such a soil type. However,
the tabulated data in FAO (Allen et al. 1998) did not provide
a range for such a soil texture. Similarly, good agreement
between the calculated PWP by pedostructure method and
the corresponding recommended range by FAO for PWP
was observed for the soil samples.

General comments about the application
of pedostructure method

Pedostructure method is a quantitative method to charac-
terize the soil aggregates structure and its thermodynamic
interactions with water through a set of physical parameters.
Each of these hydrostructural parameters represents a spe-
cific characteristic in the soil-water medium. Moreover, the-
ses parameters can not only be used to model the soil-water
holding properties, as presented in this paper; but they can
also be used to track and predict the changes in the soil
aggregate structure and soil-water holding capacities, i.e.
studying the long-term impact of our agro-environmental
practices on soil aggregate structure and soil-water holding
properties. Such a dynamic characterization of soil-water
medium is of great importance and highly needed in many
agro-environmental studies. However, the following points
need to be considered once the pedostructure method is
applied by irrigation engineers and scientists:

e The method is based on a set of hydrostructural param-
eters that are extracted from continuous and simultane-
ous measurements of both the soil-water retention curve
(WRC) and soil shrinkage curve (ShC). In this study,
the authors used a new device “TypoSoil™” to provide
such measurements. In reality, irrigation engineers and
scientist may not have such a facility at their disposal.
The issue is more related to having soil shrinkage curves
available rather than the water retention curves. While
the authors recommend testing the soil (measured WRC,
ShC, and extracted hydrostructural parameters) at least
once a year and mainly during the supplementary irriga-
tion period, they would also suggest the following: (a)
WRC alone may provide enough information to estimate

the soil field capacity based on the pedostructure method,
and FC is very significant in irrigation management; (b)
the thermodynamic nature of Egs. (2a, 2b), makes it
possible to have a general picture of the soil shrinkage
properties. The estimation of wy and w,, depend mainly
on the values of W, and W_; as determined in Egs. (2a,
2b); Moreover, (¢) The authors (Braudeau et al. 2014b)
provided a method to extract the hydrostructural param-
eters from accessible soil water retention data sets.

e The authors have been working on developing a set of
pedotransfer functions to get the hydrostructural parame-
ters from accessible data sets. Once validated, these func-
tions will be available on-line. Currently, publications,
software, and materials about pedostructure approach are
available at https://wefnexus.tamu.edu/.

Conclusions

Managing the agricultural water sector for enhancing water
and food securities in the face of ever increasing dynamic
anthropogenic and climatic stresses is very challenging. In
this paper, we argue that to achieve the concept of “more
crop per drop per unit area”, there is a high need to have
quantitative methods that: (1) provide accurate estimation
for irrigation water requirement and scheduling; and (2)
consider the soil aggregates structure, simply because any
agro-environmental practice can change the soil aggregates
structure rather than changing the soil texture; Therefore,
there is a need to shift from texture-based estimation of
available water to soil aggregates-based estimation. To do
so, a new methodological approach (pedostructure method)
was introduced to quantify the soil-water holding proper-
ties: field capacity (FC), permanent wilting point (PWP),
and available water (AW). The method includes the char-
acterization of the soil medium through a set of physical
parameters: soil aggregates structure-based parameters for
thermodynamic equations that produce the soil water reten-
tion curve (WRC) and soil shrinkage curve (ShC). In practi-
cal terms, the calculated values for FC, PWP, and AW can
be used with climate-smart irrigation practices to identify
the accurate amount and schedule of irrigation for a given
soil type and crop.

Different types of soil were considered in this study rang-
ing from loamy fine sand to silty clay loam. The calculated
soil-water holding properties for the studied soils, based on
the pedostructure approach, were compared with the stand-
ard methods. The approach worked well even with those
soil types which do not have a clear soil aggregates struc-
ture, as observed in the soil shrinkage curve for the Chazos
loamy fine sand soil. Two key advantages of the proposed
approach: (1) well-defined and meaningful characteristic
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parameters of the soil hydro-structural properties (i.e., soil
hydraulic properties that consider the soil aggregates struc-
ture); and (2) these physical and measurable parameters have
the ability to track the changes in the soil hydro-structural
properties as a response to agro-environmental practices
(e.g., wastewater reuse, soil management practices, etc.).
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