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A B S T R A C T

The Available Soil Water Capacity (AWC) is standard data in most soil databases and expresses soil water
contents in the rootzone between field capacity (FC; –33 kPa) and permanent wilting point (WP; −1500 kPa).
Literature suggests that increasing the content of soil organic matter (SOM) of a given soil does not significantly
increase AWC and this has important implications when estimating soil moisture supply to crops and evaluating
the potential for climate mitigation. For most crops, the real FC values vary between −10 and −50 kPa in
different soils and WP values between −800 and −1500 kPa. Thus standard values for AWC of FC and WP do
not represent field conditions in many soils. When exploring AWC for six Italian soil series, ranging from clay to
sandy, AWC values at increasing %SOM were lower in clay soils and higher in sand as compared with actual
conditions, which could be explained by considering the shape of the corresponding moisture retention curves.
Rather than focus on static AWC values to define moisture supply to plants, real or actual soil moisture supply
capacities (MSC) can be obtained by dynamic modeling of the soil-water-atmosphere-plant system, including a
“sink-term” indicating a continuous relation between water uptake and negative pressure head of soil water and
evaporative demand. Also, only models allow exploration of the effects of future severe IPCC climate scenario
RCP 8.5. Thus, studying MSC for the six Italian soil series showed that MSC values were: (i) on average 30%
higher than the corresponding AWC; (ii) distinctly different for the six soils; (iii) affected by declines of 1–9% as
a result of the effects of future climate scenarios.; (iv) not significantly affected by increases of %SOM when
considering climate change, except for the sand. Generalizations as to the effect of future climate scenarios and
%SOM on MSC can only be realistic when modeling is performed for soil series in different climate zones.

1. Introduction

Increasing the organic matter content of soil has been presented in
the:”4per1000″ proposal as a significant climate mitigation measure
with the suggestion that an annual average increase of 0.04% could be
enough to offset emissions of greenhouse gasses (www.4per1000.org).
Several papers have discussed the feasibility of this proposal (e.g.
Arrouays et al., 2002; Baveye et al., 2018; Chenu et al., 2014; Gao et al.,
2018; Kallenbach et al., 2019; Perego et al., 2019; Minasny et al., 2017;
Smith, 2016, 2012; van Groenigen et al., 2017; White et al., 2018).
Increasing the soil organic matter content could have additional bene-
fits for farmers, such as increasing the soil moisture supply capacity
(MSC) for plants during a growing season and the associated crop yield.
Such a positive effect could, in fact, seduce farmers to support im-
plementation of this climate mitigation measure. As climate-change
scenarios indicate the future probability of increased dry spells in sev-
eral agricultural areas in the world, the soil MSC becomes increasingly

important.
Recent studies do, however, not focus on the MSC but on the AWC

(Available Water Capacity). The static AWC value defines water held
between pressures of –33 (or −10) kPa (Field Capacity, FC) and
−1500 kPa (Wilting Point, WP) and is a standard soil characteristic in
most soil databases, allowing objective comparisons between different
soils.

Focusing on AWC values, Minasny and McBratney, (2018) con-
cluded after reviewing 60 publications that: “the effect of an increase of
%C in soil on soil available water was negligible”. Several recent studies
used the soil available water capacity concept (AWC) to characterize
soil moisture regimes. Yost and Hartemink (2019) reported that a 1%
increase of soil carbon in a sandy Wisconsin soil increased AWC with a
significant 0.05 m3m−3. Stoorvogel et al. (2019) discussed AWC at
different spatial scales. Román Dobarco et al. (2019) discussed AWC
variability in French soils. Before continuing, a critical analysis of the
AWC concept is needed.
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In contrast to what many non-soil scientists seem to believe, the
AWC does not represent the amount of moisture that is “available” to
crops during a growing season. This amount is determined by weather
conditions during the growing season, rooting patterns of a given crop,
water fluxes determined by basic hydraulic properties of the soil, such
as moisture retention and hydraulic conductivity and water-table levels
as will be discussed later when describing modeling techniques. Also,
different crops have different “sink-terms” reflecting water uptake as a
function of the negative soil water pressure and the evaporative de-
mand. “Sink-terms”, to be discussed later, are continuous expressions
not considering arbitrary values for water content such as FC and WP
(see Fig. 1).

So, rather than use the AWC to express the effect of increasing the
soil organic matter content on moisture availability, use of widely
available and operational simulation models for the soil–water-atmo-
sphere-plant system can estimate real amounts of water that a plant
transpires during a given growing season (MSC values) (e.g. Bouma,
2018; Holzworth et al., 2018; Jones et al., 2003; Kroes et al., 2017;
Reynolds et al., 2018; White et al., 2013).

Two types of models can be distinguished. The CERES model (Jones
et al, 2003) considers the rootzone as a “Tipping Bucket” that contains
water between FC and WP, which are considered the minimum input
for water dynamics simulation in crop models (Gijsman et al., 2002).
When water is added to the soil by rain or irrigation it is not adsorbed
by roots in the rootzone as long as the water content is higher than FC.
Water disappears to the subsoil until FC is reached. Then water uptake
starts and water is assumed to be freely available to plants until the
water content at WP is reached. No water uptake beyond this point. The
“Tipping Bucket”model thus uses the AWC concept in a dynamic con-
text, including weather conditions and rooting depth but it does not
allow upward unsaturated flow into the rootzone, nor does it allow for
crop specific “sink-terms” (Bonfante et al., 2011).

The other models mentioned above use a dynamic and continuous
characterization of water fluxes in the soil–water-plant-atmosphere
system without arbitrarily fixed moisture values like FC and WP. Root
uptake of water is defined by moisture retention and hydraulic con-
ductivity data and a sink-term allowing a more realistic expression of
the effect of soil water potentials on water uptake by roots (e.g. Bouma,
2018). Bouma and Droogers (1999) compared calculations of MSC va-
lues by a “Tipping Bucket” model with a continuous model and showed
that the former produced lower values for the MSC. They concluded
that use of the continuous model could better characterize dynamic soil
moisture regimes in the field and the “Tipping Bucket” model will
therefore not be further discussed in this study.

Models are not only important to characterize dynamic field soil
moisture regimes but they represent the only way to explore the effects
of future climate change in agriculture and then important also in the
context of organic matter dynamics of soils. (e.g. Bonfante et al.,
2019a,b).

The objectives of this paper are to: (i) explore the effects of an in-
crease of % SOM on the moisture supply capacity (MSC) of six different
Italian soils by applying the continuous SWAP model (Kroes et al.,
2017): (ii) compare these results with AWC values for the same soils to
demonstrate their different character, and (iii) explore effects of in-
creased soil organic matter contents on MSC values obtained by ap-
plying current climate data and future IPCC climate scenarios. This
paper explores effects of different %SOM and does not discuss man-
agement measures to increase %SOM that are widely discussed in lit-
erature (e.g. green manuring, crop rotations, minimum tillage, agro-
forestry etc.).

The study is based on Italian soil series, being used as “carriers of
information” or as “class-pedotransferfunctions” (Bouma, 1989; Van
Looy et al., 2017) as in classical soil survey interpretations that relate
soil series to soil limitations for different forms of land use.

2. Materials and methods

2.1. Moisture availability

The availability of water to plants has been a common theme of soil
research ever since the start of the last century. Romano and Santini
(2002) present a comprehensive and illuminating overview of widely
used concepts such as field capacity, permanent wilting point and water
availability. As mentioned above, available water is a static character-
istic and is derived from the difference between water at field capacity
and permanent wilting point. Currently, the term available water has
been enlarged to available water capacity (AWC).

Field capacity (FC) is defined as:” the content of water remaining in a
soil 2 or 3 days after having been wetted with water and after free drainage
is negligible” (SSSA, 1997). Values differ strongly among soils with a
range of water contents corresponding with pressure heads between
−10 and −50 kPa. A pressure head of –33 kPa represents somewhat of
a compromise value (e.g. McIntyre and Loveday, 1974) and is now
widely used to define FC. The permanent wilting point (WP) represents:
“the soil water content at which a plant wilts completely and is no longer able
to recover its turgor and biological activity when placed in a humid en-
vironment” (Romano and Santini, 2002). Richards and Weaver (1943)
determined soil water matric potential values of permanent wilting of
sunflower plants and found a value of about −1500 kPa. Other authors
found different values for different crops, ranging from −100 to
−1500 kPa as a function of evaporative demand, but the −1500 kPa
value became the standard. Both FC and AW have by now become
absolute, codified standards. Their origin and background appear to be
unknown to current users. Clearly both FC and WP are highly variable
among soils and so is, therefore, the meaning of the available water
concept. As discussed above, simulation models of the soil–water-at-
mosphere-plant system can characterize the dynamic behavior of this
system without arbitrary boundary values like FC and WP, allowing

Fig. 1. Conceptual figure of sink term for
the maize crop as used in this study showing
the reduction coefficient (αwr) of water up-
take as a function of the negative soil water
potential (h) and the potential evapo-
transpiration rate (low and high ET)
(αwr = 1, implies absence of crop water
stress). The two traditional values for FC
(-33 kPa) and WP (-1500 kPa) are added to
illustrate the difference with the static AWC
concept.
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estimates of the real volume of water that has been taken up by plants
during the growing season (referred to as a MSC value). Even though
AWC is useful to compare soils, only MSC is suitable to express water
supply to crops under field conditions as affected by climatic condi-
tions, including the evermore important climate change scenarios.

In this work, for each soil horizon, the FC and WP were calculated
from the soil moisture retention curve measured in the lab. The AWC of
each horizon was integrated along the depth of the rooting zone
(0–80 cm) of each layer according to the following formula

∑= ×−

=

=

AWC mm AWC z[ ]cm
z

z mm

i i(0 80 )
0

800

where i is the layer, zi is the depth in mm of each layer and AWCi is the
volumetric AWC of each horizon.

2.2. Soils

Physical characteristics, Taxonomy classifications and local soil
series (Arnoldus-Huyzendveld and Di Gennaro, 2000; Di Gennaro et al.,
1999; Regione Campania, 1996) of six Italian soils are presented in
Table 1. Additional details of the soil series are presented in the quoted
reports. Textures range from loamy-sand to silty-clay-loam and organic
matter contents in Ap horizons are relatively low ranging from 0.34 to
2.60%. Based on field observations, rooting depth of maize was esti-
mated to be 80 cm, implying that not the only Ap horizon but also
subsoil horizons contribute to the water supply to maize. All selected
soils are placed in an alluvial plain environment, five in the Campania
region (P1, P2, P3, P5, and P6; southern Italy) and one in the Lombardy
Region (P4; northern Italy). During the maize growing season (from
April to September) the climate for soils of Campania region is char-
acterized by an average monthly rainfall of 47 mm (±26), and mean
air temperature of 19.7 °C (± 4.3) (data from Servizio Metereologico
Aeronautica Militare, period 1971–2000), while for the soil P4 in
Lombardy region the climate is warm and temperate, with an average

monthly rainfall of 73 mm (±9), and mean air temperature of 19.4 °C
(± 3.8) (data from Lodi province 1971–2000).

2.3. Soil hydraulic properties(SHP)

Water retention, θ(h), and hydraulic conductivity, k(θ), curves were
measured in the laboratory. Undisturbed soil samples (volume ≈
750 ml) were collected from all of the recognized horizons of the six soil
profiles. Samples were slowly saturated from the bottom and the sa-
turated hydraulic conductivity measured by a falling head permeameter
(Reynolds and Elrick, 2002). Then, both couples of θ-h and k-θ data
were obtained by means of the evaporation method (Arya, 2002) con-
sisting in an automatically recorded of the pressure head at three dif-
ferent depths and the weight of the sample during a 1-dimensional
transient upward flow. From these information, i) the water retention
data θ-h were obtained applying an iterative method (Basile et al.,
2012) and ii) the unsaturated hydraulic conductivity data were ob-
tained by applying the instantaneous profile method, requiring the
spatio-temporal distribution of θ and h, namely θ(z,t) and h(z,t), being z
and t the depth and time, respectively (Basile et al., 2006). Additional
points of the dry branch of the water retention curve were determined
using a dewpoint potentiometer (WP4-T, Decagon Devices, Wa-
shington, USA).

The parameters of the van Genuchten-Mualem model for water re-
tention and hydraulic conductivity functions were obtained by fitting
the experimental θ-h and k-θ data points (Van Genuchten, 1980).

One of the goals of this paper concerns the effects of increasing SOM
on MSC in future climates and because MSC is largely driven by hy-
draulic properties, a procedure to consider the increase of SOM on soil
hydraulic properties was developed. Regardless on several local factors
(e.g. climate, geomorphology, land use and soil management) produ-
cing SOM formation, its variation can cause a variation in soil hydraulic
properties, that was considered in this paper.. Specifically, soil hy-
draulic properties of Ap horizon were modified according to the in-
crease of SOM following the algorithms proposed in the development of

Table 1
Physical characteristics and classifications of the six Italian soils being studied.

Soil Hor. Thick. (cm) Clay Silt Sand S.O.M.

ID Series Classification %

P1 Fiocche Sud* Typic Calcixererts, fine, mixed, thermic Ap 0–55 32.4 53.9 13.7 0.3
Bgk1 55–90 42.8 54.1 3.1 0.3

(Silty Clay Loam) Bgk2 90+ 48.9 44.6 6.5 0.3
P2 Torre dei Raghi** Pachic Haploxerolls, fine loamy, mixed, thermic Ap 0–45 35.4 43.0 21.6 2.3

Bw1 45–65 27.6 37.9 34.5 1.9
(Loam) Bw2 65+ 8.2 17.8 74.0 0.2

P3 Cifariello** Typic Haploxerets, fine, mixed, thermic Ap 0–45 32.8 57.1 10.1 2.6
Bw1 45–65 35.6 56.7 7.7 2.2

(Silty Clay Loam) Bw2 65+ 48.9 45.8 5.3 1.0
P4 Sordio+ Ultic Haplustalf, coarse loamy, mixed, mesic Ap1 0–18 17.9 32.6 49.5 1.4

Ap2 18–30 17.7 33.2 49.1 1.4
Bt1 30–56 21.8 31.4 46.8 0.4

(Sandy Loam) Bt2 56–83 13.4 12.1 74.5 0.2
BC 83+ 10.0 6.3 83.7 0.1

P5 Masseria Manfredi++ Typic Ustivitrands, sandy, mixed, thermic Ap1 0–10 10.5 38.5 51.0 2.6
Ap2 10–40 5.9 43.6 50.5 2.6

(Sandy Loam) Bw 40–80 3.9 31.1 65.0 –
BC 80–110 11.6 15.4 73.0 –
C 110+ 4.6 9.4 86.0 –

P6 Masseria Battaglia++ Vitrandic Haplustept, sandy, mixed Ap1 0–20 4.1 18.6 77.3 1.7
Ap2 20–53 6.1 18.4 75.5 1.6

(Loamy Sand) Bw1 53–61 1.4 12.4 86.2 0.9
Bw2 61–106 2.2 8.7 89.1 0.9
C 106+ 1.0 24.6 74.4 0.2

* Soil series Destra Sele soil Map (1:50.000) (Regione Campania, 1996)
** Closed to soil series of “Destra Sele soil Map (1:50.000) RAG0 and CIF0, (Regione Campania, 1996)
+ Soil series The soil map of Lodi plain (1:37.500) (Arnoldus-Huyzendveld and Di Gennaro, 2000).
++ Closed to soil series of “The soil map of province of Naples” (1:75.000) (Di Gennaro et al., 1999)
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the PTF HYPRES (Wösten et al., 1999). On the basis of 5521 soil
samples they found relationships between the SOM and the parameters
of the van Genuchten-Mualem equations. We applied these relation-
ships to the measured SHPs of the Ap horizon of six soils under study in
order to create different simulation scenarios of %SOM (2% and 4%). In
such a way we have maintained the (measured) original SHPs mod-
ifying them through a PTF in order to take into account the effect of
SOM percent increase. Finally, it is important to stress that despite the
content of SOM in soil depends on several local factors (climate, geo-
morphology, land use and soil management), its variation can produce
a variation in soil hydraulic properties, that was considered in this
paper as an empirical relationship.

2.4. Simulations of the soil–water-atmosphere-plant system

The SWAP simulation model was used to estimate MSC values
during the maize cultivation under estimated climate change and %
SOM scenarios of Ap horizons. SWAP is an integrated physically-based
simulation model of water, solute and heat transport in the satur-
ated–unsaturated zone in relation to crop growth. It was not used to
simulate SOM dynamics but to explore the effects of different SOM
contents on crop growth. In this study only the water flow module was
used; it assumes unidimensional vertical flow processes and calculates
the soil water flow applying the Richards equation. Soil water retention
θ(h) and hydraulic conductivity k(θ) relationships as proposed by van
Genuchten (1980) were applied. The unit gradient was set as the con-
dition at the bottom boundary. The upper boundary conditions of
SWAP in agricultural crops are generally described by the potential
evapotranspiration ETp, irrigation and daily precipitation. Potential
evapotranspiration was then partitioned into potential evaporation and
potential transpiration according to the LAI (Leaf Area Index) evolu-
tion, following the approach of Ritchie (1972). An important feature of
the SWAP model is the sink-term (Fig. 1) defining a reduction factor for
water uptake by plant roots (αwr) as a function of the negative soil
pressure head (h) and the potential transpiration rate. The sink term for
maize shows that maximum water uptake (αwr = 1) is only possible
between −1 kPa (h1) and−40 kPa (h3h) at high transpiration rates and
to −60 kPa (h3l) at low rates. A gradual reduction to α = 0 occurs until
h4= − 800 kPa. The AWC values for field capacity (FC = –33 kPa) and
wilting point (WP = -1500 kPa) are also indicated, showing completely
different patterns with no water adsorption in wet soil until –33 kPa
and beyond −1500 kPa. The sink term predicts therefore more water
uptake in wet soil and lower uptake in dry soil. The maize was simu-
lated from May (emergence) to the end of August (harvest) with a peak
of LAI of 5.8 m2 m−2.

The model was validated for Italian conditions in earlier studies on
different crops and pedoclimatic conditions (Bonfante et al, 2019a,b,
2017, 2011, 2010; Crescimanno and Garofalo, 2005). A long list of
references of applications can be found at http://www.swap.alterra.nl/.

2.5. Climate scenarios

The simulation runs were performed for all six selected Italian soils
using a future climate scenario of a site of southern Italy (Destra Sele
plain) where half of the analysed soils occur. The future climate sce-
narios were obtained by using the high resolution regional climate
model (RCM) COSMO-CLM (Rockel et al., 2008), with a configuration
employing a spatial resolution of 0.0715°(about 8 km), which was op-
timized over the Italian area. The validations performed showed that
model data agree closely with different regional high-resolution ob-
servational datasets, in terms of both average temperature and pre-
cipitation in Bucchignani et al. (2015) and in terms of extreme events in
Zollo et al. (2015)

The severe Representative Concentration Pathway (RCP) 8.5 sce-
nario was applied, based on the IPCC (Intergovernmental Panel on
Climate Change) modelling approach to generate greenhouse gas
(GHG) concentrations (Meinshausen et al., 2011).

Initial and boundary conditions for running RCM simulations with
COSMO-CLM were provided by the general circulation model CMCC-
CM (Scoccimarro et al., 2011), whose atmospheric component
(ECHAM5) has a horizontal resolution of about 85 km. The simulations
covered the period from 1971 to 2100; the CMIP5 historical experiment
(based on historical greenhouse gas concentrations) was used for the
period 1976–2005 (Reference Climate scenario - RC), while for the
period 2006–2100, a simulation was performed using the IPCC scenario
mentioned. The analysis of results was made on RC (1971–2005) and
RCP 8.5 divided into three different time periods (2010–2040,
2040–2070 and 2070–2100) (Table 2).

The choice of severe RCP 8.5 scenarios was related to three prin-
cipal reasons: 1) the CO2 emission trends are in line with RCP 8.5
pathway (Fuss et al., 2014; Peters et al., 2013); 2) In our region until
the 2040 the RCP 4.5 and 8.5 are very similar; 3) we are interested to
compare soils behavior under a severe climate change condition, able to
cover a large climate variability. Daily reference evapotranspiration
(ET0) was evaluated according to the Hargreaves and Samani, (1985)
equation (HS). The reliability of this equation in the study area was
tested by Fagnano et al., (2001) comparing the HS equation with the
Penman–Monteith (PM) equation (Allen et al., 1998).

Under the RCP 8.5 scenario the temperature in Destra Sele is ex-
pected to increase approximately two degrees Celsius respectively every
30 years to 2100 starting from the RC. The differences in temperature
between RC and the period 2070–2100 showed an average increase of
minimum and maximum temperatures of about 6.2 °C (for both min
and max over the year). The projected increase of temperatures pro-
duces an increase of the expected ET0. In particular, during the maize
growing season, an average increase of ET0 of about 18% is expected
until 2100.

3. Results and discussion

3.1. AWC as a function of %SOM

Table 3 shows AWC values for the six soils, which are constant
during the analyzed time period. Values for current SOM conditions
range from 85.3 mm in the Inceptisol to 120.0 mm in the Andosol with
relatively low values for soils P1, P2 and P3 with > 30% clay and
higher values for soils P5 and P6 with lower clay content. Soil P4 has an
intermediate position. Differences can be explained by the shapes of the
measured moisture retention curves, shown as examples in Fig. 2 for the
Ap in P1 and P6. The curves show a stronger drop for P6 than for P1 in
the FC to WP range, yielding a larger value for AWC.

Table 3 also illustrates the effects of higher organic matter contents
on AWC values, again for the reference climate period. When com-
paring 2%SOM with the 4% SOM level a decline of the AWC occurs of
−6% (P1), −2% (P2) and (P3). In contrast P6 shows an increase
of +12%, while P4 and P5 are lower at +3 and +2% respectively. For

Table 2
Climate information during the maize cropping season (average ± standard
deviation).

Climate scenario
and time windows

Temperature Rainfall Et0

Min Max Mean mm

°C

RC (1971–2005) −0.3
(±3.2)

41.1
(± 3.5)

19.1
(± 3.1)

227 (± 108) 246 (±14)

RCP 8.5
(2010–2040)

0.0
(± 3.1)

42.6
(± 3.3)

20.5
(± 2.9)

235 (± 112) 251 (±11)

RCP 8.5
(2040–2070)

1.5
(± 3.3)

45.5
(± 3.5)

22.1
(± 3.1)

185 (± 118) 273 (±14)

RCP 8.5
(2070–2100)

3.2
(± 3.1)

47.2
(± 3.5)

24.5
(± 3.0)

142 (± 121) 291 (±13)
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soils P1 and P6 differences are significant, in contrast to other soils.
Differences can be explained by considering – again – the water re-
tention curves and the hydraulic conductivity curves (Figs. 2 and 3) for
the contrasting soils 1 and 6. When water retention curves for the
current %SOM and the higher %SOM are parallel or when the higher %
SOM curve moves slightly downwards, as in P6 (and, less so, in P4/P5),
the value for AWC will increase or stay the same. When, however, the
curves for increased %SOM become more horizontal, as in P1 (and P2/
P3), AWC values decline even though the soil will contain more water
at a given negative pressure head, which will affect the MSC value as
shown in the next section.

3.2. The basic difference between AWC and MSC

Fig. 4 shows calculated MSC values for the six soils in the four cli-
mate periods considering current %SOM. These values can be compared
for each soil with corresponding AWC values that are at least 30%
lower than the MSC values, as they don’t reflect weather conditions in
the growing season. AWC values for each of the soils are constant in all

periods because moisture retention curves are assumed not to change
until 2100. Thus, only the MSC values reflect the effect of the climate
on moisture supply to maize plants and are therefore more realistic than
AWC values when assessing the moisture supply capacity of soils.

3.3. MSC in the reference climate

Table 4 shows MSC values (mm) for the six soils for four climate
periods and three levels of %SOM. Values for the reference climate with
current %SOM range from 132 mm (soil P2) to 175 mm (soil P6). Soils
P2 and P3 are significantly different from soil P6. The lower MSC values
for soils with > 30% clay, as compared with the other soils, can be
explained by higher K-unsat values in the deepest horizon of the clay
soil which lead to higher water fluxes and drainage outside the soil
(Fig. 5). The steep slope of the k(h) function of the bottom horizon of
the current P6 acts as relatively impeding layer, producing less drai-
nage, high water content and consequently higher MSC. But the effects
of the sink-term (Fig. 1) are most prominent as it leads to lower
moisture availability in the later parts of the growing season when
moisture contents are relatively low.

3.4. MSC in future climates with unchanged %SOM

Considering the current %SOM of the six soils, slight decreases of
MSC are observed for the four climate scenarios. Soil P1 reduces by 7%
(143 mm-134 mm); soil P2 by 6% (132 mm-124 mm), soil P3 by 9%
(134 mm-122 mm), soil P4 by 9% (144 mm-131 mm), soil P5 by 5%
(157 mm-150 mm) and soil P6 by 1% (175–173 mm). None of these
differences are significant indicating that for the applied Italian con-
ditions reduced precipitation and increased evapotranspiration in fu-
ture climates have a relatively small effect on MSC. The next section
addresses the important question whether an increase of %SOM could
reduce or perhaps even reverse this relatively small reaction to climate
change.

3.5. Effects of increasing SOM on MSC in future climates

Again, the six soils react differently to increases of %SOM.
Considering an increase of SOM to 4%, soil P1 shows a reduction of
MSC at RCP 8.5(2070–2100) of 8% as compared with the reference
climate and current %SOM (143 mm-131 mm); Soil P2 reduces 7%
(132 mm-122 mm), Soil P3 reduces 10% (134 mm-121 mm); Soil P4
reduces 8% (134 mm-121 mm); Soil P5 reduces 3% (157 mm-152 mm)
and Soil P6 increases 5% (175 mm-184 mm).

The increase of %SOM does not significantly change the effect of
climate change on MSC. Soils P1, P2, P3 and P4 show a limited decrease
of MSC of 6–9% as a result of climate change at current %SOM and this
value is not significantly different when estimating the effect of an in-
crease to 4%SOM (8–10%). Soil P5 shows a lower decrease of 3% while
P6 shows a positive effect of 5%. Though not significant, indications are
that increasing %SOM in sandy soils can have a positive effect on MSC
to the extent that negative effects of climate change can be mitigated.
This calls for additional research covering more soil types in different
climate zones.

Table 3
Available Water Capacity (AWC) for six Italian soils (Table 1) calculated over the rooting depth of maize (0–80 cm). The soil organic matter percent (SOM) is
indicated for each Ap horizon, the current SOM value is reported in brackets near each soil profile.

SOM AWC 0–80 cm (mm)

P1 (0.3%) P2 (2.3%) P3 (2.6%) P4 (1.4%) P5 (2.8%) P6 (1.7%)

Current 97.1 99.6 85.3 89.0 120.0 107.1
2% 94.3 100.0 86.0 89.6 118.4 108.8
4% 91.2 97.8 83.6 91.3 122.2 120.1

Fig. 2. Moisture retention curves for the Ap horizon of soils P1 and P6 at dif-
ferent percent of soil organic matter (SOM). The current SOM curves have been
measured in the laboratory, the others have been defined through a scaling
procedure based on HYPRES PTF rules.
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4. Discussion

The capacity of soils to provide water (and nutrients dissolved in
water) to plant roots is one of the most important soil functions, directly
affecting the possibility of different forms of land use. As the world is

Fig. 3. Hydraulic conductivities of the Ap
horizons of soils P1 and P6 at different
percent of soil organic matter (SOM). The
Ap2 of P6 is almost similar to the curve for
the Ap1 and is not shown. The current SOM
curves were measured in the laboratory, the
curves for increased %SOM were defined
through a scaling procedure based on
HYPRES PTF rules.

Fig. 4. Calculated soil moisture supply capacities (MSC) values for the six soils
in four climate periods considering current % of soil organic matter (SOM). The
available soil water capacity (AWC) values for the six soils are also shown and
illustrate the basic difference between AWC and MSC.

Table 4
Calculated MSC data, including standard deviations, for six Italian soils, three assumed increases of current %SOM and two climate scenarios reference climate (RC,
1971–2005) and RCP 8.5 (three time windows 2010–2040; 2040–2070; 2070–2100).

Climate period SOM MSC (mm)

P1 P2 P3 P4 P5 P6

Current 143 (± 12.7) 132 (± 14.9) 134 (± 16.2) 144 (± 14.9) 157 (± 12.5) 175 (±8.1)
RC (1971–2005) 2% 139 (± 12.8) 132 (± 14.9) 134 (± 16.3) 144 (± 14.9) 156 (± 12.8) 177 (±7.5)

4% 138 (± 12.5) 130 (± 15.0) 133 (± 15.5) 145 (± 14.8) 158 (± 12.2) 181 (±6.8)
Current 144 (± 13.2) 132 (± 14.0) 134 (± 16.3) 145 (± 14.5) 159 (± 11.3) 176 (±6.6)

RCP 8.5 (2010–2040) 2% 141 (± 13.1) 133 (± 14.0) 134 (± 16.3) 145 (± 14.5) 157 (± 11.6) 179 (±5.9)
4% 139 (± 12.5) 130 (± 14.1) 133 (± 15.8) 147 (± 14.2) 160 (± 10.9) 183 (±4.6)
Current 135 (± 15.5) 125 (± 15.3) 124 (± 17.0) 135 (± 17.7) 152 (± 14.9) 174 (±10.5)

RCP 8.5 (2040–2070) 2% 133 (± 15.4) 125 (± 15.3) 124 (± 17.1) 135 (± 17.7) 151 (± 15.1) 177 (±9.7)
4% 132 (± 15.0) 123 (± 15.3) 123 (± 16.7) 136 (± 17.6) 153 (± 14.7) 183 (±8.0)
Current 134 (± 19.5) 124 (± 20.7) 122 (± 22.8) 131 (± 22.3) 150 (± 19.0) 173 (±14.3)

RCP 8.5 (2070–2100) 2% 132 (± 19.7) 124 (± 20.7) 122 (± 23.0) 131 (± 22.3) 149 (± 19.2) 177 (±13.4)
4% 131 (± 19.6) 122 (± 20.7) 121 (± 22.0) 133 (± 22.2) 152 (± 18.7) 184 (±11.7)

Current value of SOM 0.3% 2.3% 2.6% 1.4% 1.7% 2.6%

Fig. 5. K(h) Hydraulic conductivities of the bottom horizons of the current soils
P1 and P6.
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facing major challenges to secure a sustainable future, the UN
Sustainable Development Goals (SDGs) (http://www..un.org/
sustainabledevelopment/sustainable-development-goals) (e.g. Keesstra
et al., 2016) become ever more important. For example, SDG2 focuses
on ending hunger, achieve food security and improved nutrition and promote
sustainable agriculture. Adequate water supply to crops is crucial to crop
growth and, ultimately, food security ending hunger. To define the
capacity of soils to deliver water to plant roots, the soil science dis-
cipline has produced much research including definition of the AWC,
the Available Water Capacity: the volume of water held between arbi-
trarily defined values for field capacity (FC) and permanent wilting
point (WP) as analyzed in this paper. Many soil databases contain AWC
data. Many non-soil scientists interpret the AWC as defining the amount
of water that soils can provide to plants during a growing season. As
shown and discussed above, this is incorrect and this study, as have
many others, has demonstrated, that dynamic modeling of the soil–-
water-atmosphere-plant system can produce estimates of the real
amounts of moisture (MSC) that plants adsorb during a growing season.

This procedure has also been applied using the SWAP model to
address another SDG, no 13: Take urgent action to combat climate change
and its impacts. The French proposal:”4per1000″ (4per1000.org) sug-
gested that increasing the organic matter content of soils would be an
effective procedure to enhance climate mitigation (see introduction).
This paper does not address this issue but a related question as to
whether raising the soil organic matter content would also have a side
benefit of raising the moisture supply capacity of soils.

Calculations covering four successive IPCC climate scenarios up to
the year 2100 for six Italian soils showed that lower rainfall and higher
potential evapotranspiration of the applied climate scenarios had a
dominant effect on MSC, causing reductions of 6–9%. Hypothetically
increasing the %SOM had little effect on MSC except in a sandy soil
where an increase of %SOM could negate the negative climate-change
effects.

These calculations have an exploratory character and more studies
are needed for different soils in different climate zones. But so far it
seems that for Southern-Italy increasing the MSC by raising the %SOM
does not present significant increase in MSC. Particular attention for
sandy soils may be advisable in future as these soils seem to have the
highest potential to negate the climate effects on SMC by increasing %
SOM. But results presented refer to climate conditions applied and re-
sults elsewhere may produce different results.

The current study had some limitations: When exploring effects of
increasing MSC by raising %SOM, pedotransferfunctions (PTFs) of
HYPRES were used. An alternative would be to initiate fieldwork to find
certain soil types (soil series) with different %SOM in surface soil due to
past management, as was done by Pulleman et al. (2000) and Sonneveld
et al. (2002).

In any case sampling by soil type is advisable. Each of the six Italian
soil types showed a different and characteristic dynamic behavior,
where clayey subsoil horizons and the particular sink-term, defining
moisture extraction by roots of maize, appeared to have a higher impact
on MSC than a small increase of %SOM in the surface Ap horizon. But,
again, this was different in the sandy soil. Focusing on soil types (using
soil series as class-pedotransferfunctions) and using soil–water-atmo-
sphere-plant simulation models. allow innovative and quantitative soil
survey interpretations in addition to the empirical and qualitative in-
terpretations of classic soil surveys (e.g. soils having “moderate lim-
itations” for a given form of land use).

5. Conclusions

1. AWC is suitable to rank different soils but does not represent the
capacity of soils to supply water to plants during a growing season.
Soil-water-atmosphere-plant simulation models, producing
MSCvalues, do.

2. Increasing %SOM of five Italian surface soils did not siginificantly

increase MSC both for current and future IPCC climate scenarios. A
sandy soil appears to be an exception inviting further studies. But
climate conditions outside Italy are likely to produce different re-
sults.

3. When modeling MSC, soil profile properties, including those of
subsoils, have a major impact. As different soil types showed a
characterisitically different behavior in this study, future research
should be focused on well defined soil types, often soil series, as
“carriers of information” or “class-pedotransferfunctions”.

4. Concerns articulated by the UN Sustainable Development Goals
should not be restricted to current conditions but be investigated as
well by exploring effects of future IPCC climate scenarios, as pre-
sented in this paper.
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