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1. Introduction

Agriculture is a highly water consuming activity, heavily impacted
by climate change, and potential reduction of harvest may lead to
larger water requirements than now (Torriani et al., 2007; Bocchiola et
al., 2013), and decline of food security (Adams et al., 1998; Olesen and
Bindi, 2002; Olesen et al., 2007; Schmidhuber and Tubiello, 2007;
Tubiello et al., 2007; Rost et al., 2008; Strzepek and Boehlert, 2010;
Supit et al., 2010; Fader et al., 2011; Palazzoli et al., in press). Recently
the concept of virtual water was introduced (Allan, 1993), ie., the
water embodied in the production and trade of agricultural commodi-
ties, and assessment of virtual water trade is now used to quantify
worldwide budget of water resources (Hoekstra and Hung, 2005). A
key concept to virtual water quantification is the water footprint (WF)
(Hoekstra, 2003a,b). Water footprint and virtual water trade are used
to assess implications of worldwide trading strategies for food security,
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also pending climate warming (e.g., Rosenzweig and Hillel, 1998;
Easterling and Apps, 2005; Ferrero, 2006; FAO, 2009). The most
relevant crops worldwide are cereals, especially rice Oryza L., wheat
Triticum L., maize Zea mais L., requiring significant amounts of water
for production, i.e., rainfall and irrigation during summer (Tubiello et
al., 2000; Torriani et al., 2007; Bocchi and Castrignano, 2007;
Confalonieri et al., 2009, 2011; Fava et al., 2010; Rossi et al., 2010).
This in turn implies consider-able water footprint, and virtual water
trade when crops are sold or bought (Bocchiola et al., 2013; Nana et
al.,, 2014; Chapagain and Hoekstra, 2011). WF of crops is largely
related to water requirements in their specific environment, and
assessment of WF requires as accu-rate as possible estimates before
large scale conjectures can be drawn. The same holds for analysis of
climate change, which has global drivers, but local adaptation
measures. Under transient climate change condi-tions, modified
(increased, e.g., Torriani et al., 2007) use of water by crops (per unit of
yield) may cascade into modified (increased?) water footprint,
requiring adaptation strategies. Modeling tools, includ-ing crop
models, are necessary because they mimic crop production under
specific climate conditions (e.g., Richter et al., 2010), and can be later
used to assess the potential effect of climate variations (e.g.,
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Soussana et al,, 2010). Before crop models are used however, their
outputs need to be validated against measurements or estimates of
the output variables (e.g., Confalonieri and Bechini, 2004; Confalonieri
et al., 2009), most notably crop productivity (Donatelli et al., 1997;
Nana et al., 2014).

The possible effects of climate on agriculture may include i)
physiological effect, ie., effect of CO, increase on plant respiration
and photosynthesis cycles, ii) meteorological effects, i.e., effects of
temperature and rainfall changes (and irrigation requirement), and iii)
effect of sea level rise and reduction of cultivable lands due to soil
salin-ity increases (e.g., Gornall et al., 2010). Doubling of CO, may
increase photosynthetic rate by 30% to 100% in sensitive crop species,
depending on temperature and water availability (Pearch and
Bjorkman, 1983; Leuning, 1995; Jarvis et al., 1999). Species of type C3
(rice, wheat, etc.) react positively (i.e., with increase of yield) to high
CO,. Type C4 crops (maize, sorghum, Sorghum
vulgare, millet Panicum miliaceum, etc.) are less sensitive to changes in
CO, (e.g., Morrison, 1987, 1999). CO, further increases water use
efficiency via decreased specific (ie.,, to leaf area) transpiration.
Doubling CO, for C3 and C4 species may provide stomatal closure of
about 40%, and a reduction of transpiration between 23% and 46%
(Cure and Acock, 1987). Increasing temperatures may result in lon-ger
potential growth season, and shorter maturation time (e.g., Brouwer,
1988). Decreased precipitation, if not compensated for by
(supplementary) irrigation, may lead to water stress. Climate change
as projected for the 21st century may significantly alter crop
production (Rosenzweig and Hillel, 1998; FAO, 2009). According to
the Assessment Report 5, AR5 of the Intergovernmental Panel on
Climate Change (IPCC) the effects of climate change on crop and food
production are evident in several regions of the world, and the
negative impacts of climate trends have been more common than
positive ones (IPCC, 2013). By 2100 be-tween 5 million and 200
million additional people are expected to be at risk of hunger
(Schmidhuber and Tubiello, 2007). While studies tack-ling future
cereal production worldwide, or regionally are available, lit-tle
investigation was devoted hitherto specifically to water footprint
under climate change (see e.g.,modified irrigation in Tubiello et al.,
2000, with WF not specifically addressed), and often it is assumed that
unlimited water is available (e.g., Masutomi et al., 2009 for a case
study about rice). The specific aims here are to 1) investigate crop
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yield and water footprint in one specific area of Italy, for an important
cereal locally (i.e., rice), and 2) sketch future crop yield and water
needs, usable for adaptation planning (under uncertainty) therein.

A simple hydrologically based, multi-year daily crop model called
PolyCrop (henceforth, PC, Addimando et al., 2014; Nana et al., 2014) is
used to study rice crop here. PC is based on the inclusion of a crop
growth module into a semi-distributed (i.e., grid based) hydrological
model (Groppelli et al., 2011b; Bocchiola et al., 2011; Confortola et al.,
2013; Addimando et al., 2014; Nana et al., 2014). Here, PC is used to
study rice productivity, and water consumption in the Po valley
(town of Landriano), in the Lombardia region of Italy. Po valley is
among the most productive agricultural landscapes in Europe, and
cropping there-in requires a large amount of water, being potentially
at stake under fu-ture water stress. Therefore, one needs i) to assess
accurately water consumption and rice yield under given climate
conditions, and ii) to evaluate changes under future climate change.

Here to simulate the effects of future climate change, climate scenar-
ios from two General Circulation Models (GCMs) (Community Climate
System Model version 4 (CCSM4), European Centre HAmburg Model
version 6 (ECHAMG6)) from the IPCC panels, and three RCPs (RCP2.6,
4.5, 8.5) are downscaled, and fed to the PC model to simulate rice pro-
duction and water use (as in e.g, Palazzoli et al, in press, for a case
study in Nepal). Two reference periods are studied, at half century
(2040-2046), and end of the century (2080-2086), and three key vari-
ables were considered, namely temperature, precipitation, and CO,.

The manuscript is structured as follows. In Section 2 the case study
site of Landriano (in Pavia province, Fig. 1) is presented, where rice
yield data lumped on Pavia province were made available by the
Italian Institute of Statistics (ISTAT) for seven years (2006-2012). The
PC model set-up is then described. Then, water footprint of rice in the
area is defined, and the estimation method provided. The method for
projection under climate change scenarios is described, and a correla-
tion analysis is introduced, used to highlight the climate variable
mostly influencing cropping, and water use. In Section 3 the Results
are pre-sented. Modeling accuracy using PC is addressed, and present
water footprint of rice in Landriano reported. Then projected future
changes in rice yield and water use are shown, together with results from
the correlation analysis. In Section 4 the results are discussed. The modeling
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Fig. 1. Case study area. Landriano in the Pavia province of Italy (in red). Footprint of CCSM4 and ECHAM6 models reported. (For interpretation of the reference to color in this figure legend,

the reader is referred to the web version of this article.)



performance of the PC model, and the estimated water footprint of rice
are benchmarked vs the results of similar studies worldwide. The uncer-
tainty of crop yield and WF projections in response to uncertain climate
evolution is discussed, and whenever possible future crop yield and WF
are compared against results from similar studies. Limitations of the
study, and possible developments and adaptation strategies are then re-
ported. Then conclusions are drawn.

2. Materials and methods
2.1. Study area

The Lombardia region (Fig. 1) is nested in the Po valley of Italy,
displaying farming areas over 45% of the catchment (and 2200 km?
covered with rice fields). The major crops are wheat, maize, barley
(Hordeum vulgare L.), sugar beets (Beta vulgaris L.), and rice (see
Bocchiola et al,, 2013). Pavia province (Fig. 1) is laid within the
southern, less rainy end of Lombardia region, covering ca. 2970 km?,
out of which 800 cultivated with rice, i.e., the first province of Italy for
rice production. The average altitude of the Pavia province is 144 m asl,
and it belongs to an area with continental/warm climate (Képpen-
Geiger, e.g., Peel et al., 2007), with average year round tem-peratures of
+12-14 °C and average rainfall of 650-700 mm. Winter is cold (+2.5 °
C on average) and summer is hot (+23 °C on average), with wind
speed generally low. Rainfall regime is bimodal, highest in fall, and
lower in early spring. Landriano town, ca. 6000 inhabitants, has a
surface of 15.5 km?, and an average altitude of 88 m asl. Soil is coarse
silty loam down to about 30 cm, and finer silty loam layer to about 70
cm. The water table is about 1-5 m under the surface. Irriga-tion
strategies of local farmers were gathered via interviews. Rice fields are
watered in the first days of April, until harvest at the end of August,
with a total amount of ca. 500 mm (Table 1). A constant water layer
(ca. 50 mm in depth) is maintained for rice cropping. Sowing date is
fixed at April 20, and this date was used here normally. In 2009, the
ISTAT data displayed larger yield than usual, likely given by high
temperatures, and possibly anticipated sowing date, which was then
taken 15 days earlier.

2.2. Data base

In Landriano an automatic weather station (AWS) of the regional
environment protection agency ARPA (Agenzia Regionale Protezione
dell'’Ambiente) is available. However, the data therein were not com-
plete, and crop modeling was not feasible. A data base delivered under
the project Crop Growth Monitoring System (CGMS) was then used,
developed by the Monitoring Agricultural ResourceS (MARS) unit of
the Joint Research Centre (JRC), and suited for agricultural simulation
(Confalonieri et al., 2009). The meteorological data in the grid points ¢
= 45°18’ and N\ = 9°15’ were used. Comparison against ARPA data
whenever available showed good agreement. Average (2006-2012)
yearly rainfall was P,, = 673 mm, and average yearly temperature T,
= 13 °C. Given the lack of data, radiation was calculated from topog-
raphy and date, and modified to account for cloud cover depending on
daily precipitation.

Table 1
Landriano. Typical irrigation calendar for rice, as per the
farmers' interviews.

Date Irrigation [mm]
April 2 30
April 15 55
May 5 120
June 20 80
July 1 100
July 13 20
August 4 50

August 22 20

GCMs are physically based models providing meteorological vari-
ables for impact assessment. Two coupled GCM models were used
here (Fig. 1, Table 2), namely CCSM4 (Gent et al., 2011), and ECHAM6
(Stevens et al., 2013). The Representative Concentration Pathways
(RCPs) adopted in the IPCC's Fifth Assessment Report (AR5) describe
projections of the components of radiative forcing, i.e., the change in
the net balance between incoming and outgoing radiation in the
atmo-sphere, depending on changes in atmospheric composition
(IPCC, 2013). The scenario set is composed of four RCPs (RCP2.6,
RCP4.5, RCP6.0, and RCP8.5), named according to their radiative
forcing in 2100 (+2.6, +4.5, +6.0 and +8.5 W m~2, respectively).
Here, three RCPs (2.6, 4.5, 8.5) were selected, with RCP4.5 and RCP6.0
being some-what similar. Downscaling of the GCM output of
precipitation and tem-perature was pursued to obtain more
representative data at the spatial scale of analysis (Groppelli et al.,
2011a; Bocchiola et al., 2013; Palazzoli et al., in press). Daily
precipitation was downscaled using the Stochastic Space Random
Cascade (SSRC) approach. This involves two main steps, namely
correction of Bias, and disaggregation. Model calibration was carried
out using the CGMS daily data during 2006-2012. Downscaling of
temperatures was achieved comparing seasonal means from CGMS
during 2006-2012 against mean values derived from the local data.
The difference (AT) between average values was used to correct
GCMS temperatures. CO, was taken as a constant, from each RCP, and
period (RCP2.6, CO, = 443, 426 ppm, RCP4.5, CO, = 487, 534 ppm,
RCP8.5, CO, = 540, 845 ppm, for 2040 and 2080, against CO, = 370
ppm presently).

2.3. PolyCrop model

The spatially semi-distributed PC model was used, obtained by
nesting a crop growth module into a spatially distributed hydrological
model (Addimando et al., 2014; Nana et al., 2014). The crop growth
module simplifies presently available models, such as CropSyst
(Stockle et al., 2003). The hydrological model provides soil water con-
tent, used by the crop module to simulate growth. In turn, the growth
module provides values of LAl used by the hydrological model to
calcu-late transpiration, fraction of vegetated soil, and modified soil
water content. At present, lateral flows are neglected, valid for flat
areas, with little lateral redistribution, as in our case study areas. Only
one soil layer was considered for simplicity. The hydrological model is
based upon a water budget equation delivering soil water storage S
[mm] at two consecutive time steps (t, t + At)

SAL = St 4 PAt + IAt + ETAt—Q At —Q,AL. (1)

Here at daily scale Pis rainfall [mm d ™ !], Iis irrigation [mm d '], ET
[mm d~ '] is (actual) evapotranspiration, Qg [mm d~ 17is groundwater
discharge, and Q [mm d~ '] is overland flow (occurring for soil satura-
tion). The daily growth in biomass is the minimum value between a
water (transpiration) dependent growth (Grg), and a solar radiation
dependent growth (Gg)

T7BTR
VPD

Grr = i Gr = Lype PAR fpag Tiim (2)

with Grg [kg m~2 day~!] transpiration dependent biomass growth, Teir
[m day~ ] effective (actual) transpiration, VPD [kPa] average vapor

Table 2
Main properties of the GCM models used here.

Model Research Centre Grid size [°] n. cells layers

CCSM4 Nat. Center for Atmospheric 1.25° x 1.25° 288 x 144 26
Research, USA

ECHAMG6  Max Planck Institute for 1.875° x 1.875° 192 x 96 47

Meteorology, GER




pressure deficit, BTR [kPa kg m—>] biomass transpiration coefficient, Gg
[kg m—2 day '] radiation dependent biomass growth, Ly [kg MJ™!]
light to biomass conversion coefficient, PAR [M] m™2 day~']
photosyntetically active radiation, fpag [.] fraction of incident PAR
intercepted by canopy, and Ty, temperature limitation factor [.]. Full
nutrient availability was assumed, and nitrogen budget was not simu-
lated (i.e., N is not a limiting factor). Preliminary investigation indicated
full availability of nutrients in Landriano. Crop growth stages are based
upon accumulation of thermal time (or degree-days) during the
growth season (Stockle and Nelson, 1999). In the presence of
vegetation, evapo-transpiration depends on the LAI, iteratively
calculated for each day of the simulation. The effective transpiration
depends upon the daily veg-etation growth, and its vegetative stage
(Stockle et al., 1994), as

frar = 1—exp(—kLAlcum), (3)
and

T —86400— C (4)
of = O T 5 (W, — v,

where k [.] is the extinction coefficient for solar radiation, LAl [m?
m~2] is the cumulated leaf area index until the day when fpag is cal-
culated, C [kg s m~*] is the root conductance, ¥, [] kg~ '] is soil water
potential, depending upon soil water content (Campbell, 1985), ¥, []
kg~!] is leaf water potential, 86,400 is the number of seconds per day,
and 1.5 is a factor converting root conductance into hydraulic con-
ductance. To model crop growth dependence vs CO, we mimicked
CropSyst, where two approaches are adopted, namely i) Monteith's
(1977) approach, which modifies radiation dependent growth Gy in
Eq. (2), and ii) the Tanner and Sinclair (1983) approach, which
modifies transpiration dependent biomass growth Gz in the same
equation. Modified versions of these approaches, tailored on the bases
of recent experiments, are implemented in CropSyst (Stockle et al.,
1992, 2003; O'Leary et al., 2015), and were adopted here, as follows

(—1.7/(350(1—1.7))C0, 1.7)

(—1.7/(350(1—1.7))CO, +1.7)

Grrco, = Grr Crreo, = Cr/((6+ (7y336/300))/(6 + y((36C0O,)/(350Cg) + 300)/300)),
(5)

with & [kPa °C~'] psychrometric constant, and vy [kPa °C~'] slope of

the saturated vapor pressure-temperature curve. For instance, for CO,

= 350, and 650 ppm, one has Cgco, = 1, and 1.23, respectively. The PC

model is used here in a point-wise version, given the limited size of

the area (see Addimando et al., 2014 for a distributed application).

Grco, = GrCrco, = Gr

2.4. Model setup

The model requires series of daily precipitation, maximum and
min-imum temperature, and solar radiation. Soil properties and use
were made available by the regional agency for agriculture and forest
services ERSAF (Ente Regionale per i Servizi all'Agricoltura ed alle
Foreste). Main soil properties are given in Table 3. Further
information about rice is necessary for PolyCrop set up. Some
parameters were taken from former studies (Confalonieri et al., 2006)
and are reported in Table 4. Some

Table 4
Landriano. Agricultural parameters (from literature) for rice growth simulation using
PolyCrop.

Growth parameters Landriano
Biomass/transpiration coefficient [kPa kg m~3] 5
Conversion light/biomass [g M] '] 3
Real/potential transpiration, end of leaf growth [.] 0.8
Real/potential transpiration, end of root growth [.] 0.5
Mean daily temperature optimal growth, T,y [°C] 28
Max daily water consumption, Wy [mm d—1] 10

Leaf water potential, ¥, [J kg~ '] —1200
Leaf water potential at wilting, W, [J kg~ '] —1800
Morphology

Max root depth, dgmax [m] 0.85
Initial green area index [m? m~2] 0.01
Max leaf area index, LAl [m? m~2] 7
Fraction LAl gy at maturity [.] 0.5
Specific leaf area SLA [m? kg™ '] 27
Leaf duration [°C d] 700
Extinction coefficient of solar radiation [.] 0.5
Evapotranspiration coefficient K. [.] 1.05
Phenology

Base temperature [°C] 12

parameters are site-specific, and it was necessary a calibration phase
against yield data (Table 5), by tuning within their documented range
of variability, as provided e.g., by the CropSyst user manual (Stockle
and Nelson, 1999). PolyCrop allows different irrigation strategies,
name-ly i) no irrigation (NO), ii) automatic irrigation (AU), i.e., on
demand, and iii) manual irrigation (MA), according to farmers'
scheduling (Table 1). In AU mode, whenever the water layer is
shallower than a tar-get depth, water is added. Given that the
approximate irrigation sched-uling may not be representative of the
real behavior of farmers in the area, we decided to also use AU mode
for calculations. Also, use of AU option may demonstrate the potential
of automatic irrigation for rice cropping. Here, simulations were
carried out for the reference period (2006-2012, henceforth control
run (CR)) in three ways. First, MA irri-gation was used, to carry out
the model's validation under the actual (as reported by farmers)
irrigation schedule. Secondly, the NO irrigation option was adopted
(i.e., without irrigation, or rain fed cropping), to test crop yield
whenever irrigation would not be available. Third, the AU mode was
adopted. Notice that rice cropping here occurs under flooded
conditions, most notably to dampen temperature jumps, and to avoid
weeds (Cabangon et al, 2004; Confalonieri and Bocchi, 2005;
Confalonieri et al., 2006, 2009), and flooding water needs be
accounted for when calculating water footprint (Chapagain and
Hoekstra, 2011). In Landriano, a water layer of ca. 50 mm is kept on
the rice field from sowing to end of growth.

To account for the effect of flooding upon rice growth, water
temper-ature was estimated as in Confalonieri et al. (2005), by an
empirical al-gorithm that evaluates daily max and min water
temperatures taking a weighted average of air maximum and
minimum temperatures cen-tered on a three day window.
Temperature outside water was assumed to linearly vary until the air
value, at 2 m above the water layer (Confalonieri et al., 2005). Then,
temperature at the meristematic apex

Table 3 Table 5

Landriano. Main soil properties for set-up of PolyCrop. Landriano. Calibration parameters for rice growth simulation using PolyCrop.
Variable Range PC Parameters Range Landriano
Active soil depth [m] - 0.85 Specific leaf area [m? kg~ '] 20-60 27
Percentage of sand into soil [%] 0-100 12 Partition stem/leaf [.] 1-10 3.1
Percentage of silt into soil [%] 0-100 65 Degree-day emergence [°C d] 0-300 80
Percentage of clay into soil [%] 0-100 23 Degree-day flowering [°C d] 300-1500 975
Soil water content at wilting point 6, [.] 0.01-0.25 0.13 Degree-day maturity [°C d] 1000-2500 1400
Soil water content at field capacity 6, [.] 0.1-0.35 0.31 Threshold temperature [°C] 0-10 10
Soil water content at saturation 6; [.] 0.2-0.5 0.50 Cutoff temperature [°C] 33-40 40




height was used for simulating the processes related to plant
develop-ment. Apex height is taken according to the TRIS micro-
meteorological model (Confalonieri et al., 2005, 2009), depending on
a Development Stage decimal code function of the degree-day. Max
height is set to 100 cm (Confalonieri et al, 2009). Canopy
temperature is calculated as the average value of temperature inside
and outside water, from the ground to the canopy height, and used
for simulating thermal limi-tation to photosynthesis (Confalonieri et
al., 2009). For the purpose of evaluating water footprint presently,
and under climate change, it is used the AU irrigation mode. In fact,
under such mode, the exact amount of water necessary for cropping is
evaluated. The use of MA mode (with present values) may provide
lack of water, so in the future a different (larger) amount of water
may be necessary.

2.5. Water footprint

Water consumption for cropping is calculated via the concept of
green and blue water footprint (Hoekstra, 2003a,b; Hoekstra and
Chapagain, 2008; Rost et al,, 2008; Fader et al., 2011). This is a numerical
index (either dimensional, e.g., mm, or specific, e.g., kg kg™1), express-
ing the amount and origin of water used for the production of a given
good. In agreement with Rost et al. (2008) two water footprint indica-
tors were used here, namely i) green water footprint (WFg), and ii)
blue water footprint (WFg). Green water footprint is the consumption
of water stored in the ground as a result of precipitation. WFg was
eval-uated by comparing evapotranspiration during the growth
season (ETg), as simulated by the model, against the cumulative
precipitation during the growing season (Pg)

ETg = Esg + Tcg
ifETg > P, WFe =P | (6)
ifETg <Py WFg =ETg

where E 4 is soil evaporation and T, is transpiration from the crop dur-
ing the growing season. Accordingly, when evapotranspiration during
the growth season exceeds precipitation, green water footprint equals
precipitation. Conversely, when Py is higher than ET,, WF equals ETg,

Table 6
Statistics of crop yield and goodness of fit under the MA, NO, and AU modes.

i.e., in the case in which abundant precipitation evapotranspiration is
entirely sustained by precipitation (however this is never the case in
Landriano for rice). The water in rice biomass was also neglected,
which is however small against ET,. Accordingly, blue water footprint
refers to the consumption of water the aim of which is to fulfill ET,
(Mom, 2007; Rost et al., 2008; Fader et al., 2011). WFg was evaluated
here as

ifETg > Py WFj = ETg—Py ”
ifET, <P, WF5=0 : (

When Py is larger than ET, (i.e., rainfall is larger than evapotranspira-
tion), no blue water footprint is necessary. Conversely, when ETy is larg-
er than P, (and rainfall is not enough to sustain evapotranspiration),
blue water footprint occurs, and it is quantified as the difference be-
tween ET, and P,. Given the requirement for a water layer for rice
flooding, more water is added than is necessary to meet potential
evapotranspiration, which may provide runoff, percolation, or increased
soil moisture. Albeit such water cannot be considered as a waste, it is not
strictly speaking necessary for crop growth, and can therefore be con-
sidered as an excess of irrigation. To quantify this facet, an irrigation
water footprint WF; was introduced here as

n
WF =Y I, (8)
i=1

i.e., the cumulated amount of water upon the n irrigation events, both
under the MA and AU irrigation schemes. Chapagain and Hoekstra
(2011), when investigating seasonal water footprint of rice cropping
worldwide, included (in addition to crop evaporative demand) the
amount of water necessary to saturate the soil initially (with a
standard value of 200 mm), and to maintain flooding (with a standard
value of 100 mm), plus percolation water (lost underground, with a
standard value of 2.5 mm d~!). Here, the water budget of the soil, and
the amount of water provided for irrigation (MA, and AU, including
initial soil saturation, and flooding) were calculated on a daily basis,
so it was not necessary to account for these three terms separately. Notice

Crop yield statistics

Goodness of fit

E[Y] [ton ha~ ] DEVST[Y] [ton ha™!] Biasy RMSE [ton ha™'] RMSE.,
ISTAT 6.17 0.34 - - -
MA 6.23 0.48 1% 0.6 10%
NO 4.72 0.66 —23% 1.6 25%
AU 6.32 0.44 3% 0.6 10%
Mode MA NO
WFq WFg WEF, WF¢q WFg
Water footprint WF [mm] CR period
E[WF] 384.9 471.7 598.2 384.9 100.2
DEVST[WF] 56.2 68.8 23.1 56.2 90.6
Mode AU
WF¢ WF; WE, WE¢
Water footprint WF [mm], WF" [kg kg~ '] CR period
E[WF] 384.9 464.3 605.1 612.6
DEVST[WF] 56.2 64.0 58.1 105.5
WF" [kg kg '], WF [.] CR period
WE}; WE, WE} WE
E[WF] 735.6 960.1 1.25 1.60
DEVST[WF] 94.7 108.3 0.37 0.27

The mean and standard deviation of WF g during the CR period are also reported. WF in italics indicates use of previous soil moisture under NO irrigation mode. Also specific WF", and

relative WF” water footprint are reported for the AU mode (WFE = 1 always, not reported).



here that water footprint is not considered as a term of the water budget
in Eq. (1), or of the crop growth model in Egs. (2)-(5). Instead, the
terms WFg, WFg, and WF,; are indicators drawn from variables included
in (Pg, Ig), or calculated from (ET,) the PolyCrop model, that directly
highlight the use of water for the purpose of cropping, also emphasizing
water origin (i.e., from rainfall, or irrigation), and give lumped informa-
tion of water needs for managers, and to sketch adaptation strategies.
Also, specific (green or blue) water footprint (WF") was estimated
here, i.e., the amount of water in kg necessary to produce 1 kg of
harvested yield Y, namely

together with relative (green or blue) water footprint WF', i.e., the ratio
of water footprint to Py

WFqp,
Pg

WECg, = : (10)

Here, gray water footprint (Mekonnen and Hoekstra, 2011),
ie,the water volume required to dilute pollutants such as
fertilizers, was neglected. Calculation of gray water footprint requires
mass budget of fertilizers, and possibly validation against samples,
not carried out here as reported.

2.6. Simulation of crop yield and water footprint under future climate
change

To simulate crop yield and water footprint under climate change,
the downscaled outputs of precipitation, temperature, and CO, from
the adopted GCMs were fed to the PC model, under AU irrigation
mode (with a constant water layer of 50 mm), and crop growth was
simulat-ed. Crop yield, harvest date (Dy), and the water footprint
indicators above were then recalculated. Here, the reference period
CR (with ISTAT yield data available) was of seven years, so future
reference periods of the same length were taken, namely 2040-2046
(shortly 2040), and 2080-2086 (shortly 2080), for better comparability.

2.7. Correlation analysis of crop yield and water footprint against
climatic drivers

A correlation analysis was used to highlight the potential effect of
CO,, and climate variables (P, T) on crop yield, and water use during
the growth period. Specifically, average values of Y, Dy, WFg, and WF,
(not WFg, substantially matching rainfall) were tentatively correlated
against CO,, temperature during growth season (Tg), and precipitation
in the same season (Pg). A preliminary analysis indicated that the sea-
sonal values of T and P influenced differently cropping behavior, so
spring (AM]), and summer (JAS) values were taken separately. Albeit
the growth period changes slightly from year to year (namely with
start in April 20th, the earliest harvest date at August 11th in 2007, and
the latest at August 25th in 2008), and shortens in the future (see
Section 3.3) the seasonal weather variables as calculated should be
rep-resentative of changes in crop productivity and water use.

3. Results
3.1. Modeling accuracy

Several runs of PC were carried out, to obtain yield data coherent
with those given by ISTAT. In Table 5, calibration parameters of PC are
displayed, and in Table 6 calibration results reported. Soil water balance,
and crop growth were simulated during January 1st 2006 to December
31st 2012. In Fig. 2a, the best simulation is reported, in terms of produc-
tivity (dry biomass), against ISTAT data. Calibration was pursued by

manually changing the calibration parameters, and most notably de-
gree-day factors, and cutoff temperatures. Manual irrigation MA
(Table 1,with ca. 500 mm of water in total) was considered for
calibra-tion. The calibration provided acceptable agreement (average
error Biasy = 1%, random mean square error RMSE = 0.6 ton ha™,
percentage random mean square error RMSE; = 10%). Simulation
under NO irrigation mode provides large underestimation of crop
yield (Biasy = —23%, RMSE = 1.6 ton ha~!, RMSE; = 25%), indicating
that under rain fed conditions crop yield is sensibly lower (ca. 75% or
so) than with irrigation. Automatic irrigation again provides good
agreement against ISTAT data (Biasy = 3%, RMSE = 0.6 ton ha™,
RMSEy; = 10%). Here, sensitivity analysis of the parameters, which
may be of interest for assessing the model's robustness, is not
explicitly carried in order to focus upon water use, and future
projections.

3.2. Estimated water footprint in the reference period

Estimated water footprint in the CR period calculated by Egs. (5)-
(7) is reported in Fig. 2b, for both MA, NO, and AU irrigation modes,
the latter chosen as a reference for climate change effect assessment
as re-ported (CR simulation). Also statistics (mean, and standard
deviation) of WF values under each mode are reported in Table
6. WFg is equal for all irrigation modes, and coincides with
precipitation (see Eq. (6), case ET, > Pg) i.e., rainfall is entirely used for
crop growth, and clearly changes every year (max 457.7 mm in 2012,
min 308.6 mm in 2008). WFg is similar for MA and AU (on average
472 mm, and 464 mm for MA and AU, respectively). Yearly changing
WF; depends on changes in WF¢ (i.e., in rainfall), and normally the
larger the WFg, the smaller the WF;. In each year high/low WFg for
MA also implies high/low WF; for AU, because no matter the method,
when large irrigation is needed WFg increases. Accordingly max WFg
is in 2011 for both MA, and AU (Fig. 2b, 598.0 mm, and 580.8 mm,
respectively), and min WFg occurs in 2011 again for both MA, and AU
(Fig. 2b, 381.0 mm, and 382.5 mm, respectively). WF, i.e., total
irrigation is also similar for MA, and AU (on average 598 mm, and 605
mm for MA and AU, respectively) albeit variable from year to year
(e.g., in response to high temperatures, and low rainfall, with a max in
2006, 640.6 mm, and 718.6 mm for MA, and AU respectively, and a
min in 2009 for MA, 575 mm, and in 2010 for AU, 540.1 mm).
However, the use of AU irrigation provides slightly higher yield, as
seen in Fig. 1, and a constant water layer of ca. 50 mm, whereas MA
irrigation leads to variable flooding depth (not shown). When using
the automatic irrigation option water usage is not very dif-ferent from
the MA option following the irrigation calendar in Table 1.
Accordingly, and AU could be used here for reference (CR).
Concerning NO irrigation mode, WFg is low (100 mm on average,
Table 6), and largely variable (standard deviation 90.6 mm), being
null in some years (2007, and 2012, with the two highest values of
WEFg, ie., of rain-fall, Fig. 2b) and WF; clearly null. In NO mode, rice
growth occurs at the expense of previous soil storage, which provides
water in excess of pre-cipitation, and therefore WFg indicates a net
loss of soil moisture during growth season (in italics in Table 6).
Specific and relative WF indicators were calculated under the AU mode
(reported in Table 6), and used for comparison under climate change
conditions.

3.3. Crop yield and water footprint under climate change

In Figs. 3 to 5 future temperature, precipitation, and potential
evapo-transpiration ET, (calculated with Penman-Monteith's
formula) are shown, during two trimesters (seasons), spring AM],
and summer JAS, under CR and climate change scenarios, and in
Table 7 an overview is given.

On average during the growing season (mid-April to end of
August) temperature is increasing under all scenarios (from 21 °C
presently to 22.2 °C under RCP8.5 of CCSM4 at 2040, and 25.1 °C
under RCP8.5 of ECHAMSG at 2080). Precipitation in the same season
(Pg) is lower than CR under all scenarios (from 346 mm now, to 185
mm under RCP4.5
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climate change scenarios (2 GCMs with 3 RCPs) at mid-century (2040, bottom) and at end-of-century (2080, top, inverted).

of ECHAM6 at 2040, and 186 mm under the same scenario at 2080).
Po-tential evapotranspiration also slightly increases (from 818 mm
now, to 835 mm under of RCP8.5 of both ECHAM6 and CCSM4 at 2040,
and 921 mm under RCP4.5 of CCSM4 at 2080). Fig. 6 reports projected
aver-age (plus confidence limits at 95%) crop yield under climate
change for Landriano. The CCSM4 model provides increasing yield
under all RCPs, and for both future periods, with the sole exception of
RCP8.5 at year 2080. ECHAMG instead depict increasing yield under
RCP4.5 and RCP8.5 at 2040, and decreasing elsewhere, especially at
2080. Average harvest date (Dy) (Fig. 7) is also largely variable under
climate change (from day 230, ie., August 18th in the CR, to 218,
i.e., August 6th at 2040 under RCP2.6 of ECHAMS, and 201, or July
20th at 2080 under RCP8.5 of ECHAMG6). Water footprint (WFgg;) is
reported in Fig. 8a, b and c. WFg is clearly decreasing under decreasing
precipitation. Accord-ingly, WFy increases largely under all scenarios,
and especially under ECHAM6, where precipitation decreases the
most. Irrigation conse-quently increases, and WF; is higher than CR
everywhere (unless for RCP8.5 of CCSM4 at 2080), and most notably
for ECHAMBG. The average

1200

difference WF; — WFj, or irrigation excess is 101 mm (min 46 mm,
ECHAMG6 RCP8.5 at 2080, max 140 mm, ECHAM6 RCP2.5 at 2080),
against 141 in CR, indicating on average a slightly better use of
irrigation water (i.e, for crop evapotranspiration) under future
climate. Specific values of WF¢ g} (Fig. 9a, b and c) display a decreased

use of rain water (WF¢), unless for CCSM4 under RCP8.5 at 2080,
stemming from the decrease of precipitation under all scenarios.

However, when crop yield decreases largely (as seen e.g., under
CCSM4 for RCP8.5 at 2080), even with decreasing precipitation WF¢
may increase, so indicating less efficiency in use of (rain) water. Both
WEF; and WF; decrease for CCSM4 (unless at 2080 under RCP8.5), and
increase for ECHAMSG, ac-cording to yield variation (Fig. 6), implying
that under CCSM4 increased yield would increase water use
efficiency, and conversely so for ECHAMG. Analysks of WFE g (Fig. 9a,
b, ¢, WFg being always one due to full use of rainfall here) is also
interesting. WFj; always increases (with the sole exception of CCSM4,
RCPS8.5 at 2080 for WF}, equal to CR in practice), due to the combined
decrease of rainfall, and increase of irrigation.
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Fig. 5. Landriano. Average three-monthly evapotranspiration during the first 3 months (AMJ) and the last 3 months (JJA) of the growing season, for current reference climate (CR) and
under 6 climate change scenarios (2 GCMs with 3 RCPs) at mid-century (2040, bottom) and at end-of-century (2080, top, inverted).



Table 7
Average values of weather variables and potential evapotranspiration during growth sea-
son (April-September) for control run (CR), and 2040, and 2080.

CR
Var/scen. T, [°C] Pg [mm] CO; [ppm] ETpg [mm]
CR 21.0 345.6 350 817.8
2040
CCSM4 2.6 21.9 300.6 443.0 829.8
CCSM4 4.5 214 289.8 487.0 822
CCSM4 8.5 22.2 286.2 540.0 834.6
ECHAMSG 2.6 219 235.2 443.0 832.2
ECHAMG 4.5 219 184.8 487.0 831.6
ECHAMG 8.5 22.1 213.0 540.0 835.2
2080
CCSM4 2.6 21.6 322.8 426.0 826.2
CCSM4 4.5 22.0 292.2 534.0 921
CCSM4 8.5 21.4 303.6 845.0 880.8
ECHAMSG 2.6 22.0 274.8 426.0 832.8
ECHAMG 4.5 23.0 185.4 534.0 849
ECHAMSG 8.5 25.1 213.6 845.0 881.4

3.4. Correlation against climatic drivers

Results of the correlation analysis are in Table 8, where significant
(o0 = 5%) coefficients are reported. Harvest date (Dy) is (negatively)
correlated against TAMJ, and CO,, and less (positively) to PAM]J. Visual
analysis of rice growth (not shown) indicates that degree-day at har-
vesting (ca. 1500 °C d) is largely accumulated during spring,
especially under climate change conditions, so high temperatures in
spring affect harvest date. ECHAMG6 displays always higher values of
TAM]J than CCSM4 (19.2 °Cvs 18.6 °C at 2040, and 20.6 °C vs 19.5 °C at
2040, see Fig. 3). As a consequence harvest date (Fig. 7) is always
earlier in the future than that in CR (given increased CO,), and earliest
for ECHAMG6. Yield Y is largely (negatively) correlated to
TAM], and CO,, and the sooner the Dy, the lower the yield. Future
harvest (Fig. 6) is smaller for ECHAM6 than for CCSM4 (i.e., for higher
TAMJ of the former). Indeed, under CCSM4 at 2040 (and 2080 for
RCP2.6, 4.5) Y increases against CR, likely as a response to increased
CO, (via Cgco, and Crrco, in Eq. (5)) but Y is mostly smaller than CR
under ECHAMSG. For large values of CO, at 2080 (845 ppm under
RCP8.5), Y decreases notably even for CCSM4, so leading to a negative
correlation of Y vs CO,. Accordingly,

while CO, concentration increases biomass production, high values of
CO, also increase temperature, thus providing sooner harvest date
(Fig. 7), and smaller yield (e.g., Masutomi et al., 2009). This happens
because crop maturing is driven by degree day (see Degree-day at
maturity in Table 5). So when temperature increases degree-days
cumulate faster, and maturity occurs sooner. Under ECHAMS, higher
temperatures in spring (Figs. 3, 4) would lead to lower yield than that
under CCSM4, and at times smaller than CR at 2040 (and always much
smaller at 2080). WFg depends (positively) upon temperature during
summer, and even more (negatively) upon precipitation during both
seasons, PAMJ and PJAS. Under higher temperatures,
evapotranspiration ET increases. ET is fed by precipitation (i.e., WFg),
plus a share of irriga-tion (i.e., WFg). If within a given scenario,
precipitation decreases (i.e., WF; decreases), WFg has to increase to
compensate for the increase of ET. During summer the projected
increase of temperature is higher than that during spring (on average,
in spring, + 0.3 °C, and + 1.4 °C, at 2040 and 2080 respectively, and in
summer, + 1.5 °C, and + 1.6 °C, at 2040 and 2080 respectively), and
potential evapotranspiration in-creases accordingly (Fig. 5).
Therefore, WFg (i.e., required amount of water to meet ET; need)
increases more proportionally during summer. Clearly, lack of rain
during both seasons (Fig. 4) calls for increased irriga-tion, and WFg. At
2040, ECHAMSG displays lower TJAS than CCSM4 on av-erage (24.7 °C
vs 25.05 °C), but it also displays much lower precipitation on both
seasons (PAMJ 96 mm vs 154 mm, PJAS 115 mm vs 138 mm), thus
requiring a larger WFy (Fig. 8b). At 2080 ECHAMG6 displays higher
temperatures than CCSM4 (TJAS 26.1 °C vs 23.8 °C), together with
lower rainfall (PAMJ 96 mm vs 151 mm, PJAS 130 mm vs 155 mm), so
attaining again larger WFp (Fig. 8b). Similarly to WFg, WF is related
(negatively) to rainfall during both seasons. However, WF; does not
de-pend upon temperature. While WFg is tightly linked to ET, driven
by temperature (ie,for ET,) and precipitation (ie., for water
availability), WF; is only partly linked to ET, being mostly influenced
by flooding requirements. Accordingly WF;, depends more on
precipitation, in a lack of which flooding would need be maintained
artificially.

4. Discussion
4.1. Accuracy of crop modeling, and WF estimates

The PC model, simpler than other state of the art models (e.g., CS,
WARM, WOFOST, Confalonieri et al, 2006, 2009), reproduced

acceptably well rice cropping in Landriano. The Bias in biomass
estimation was
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small (4 1%, and + 3%, MA and AU modes, respectively, see Table 6),
and RMSE was acceptable (0.6 ton ha~', both MA, and AU).
Inaccuracies (RMSEy) nearby 20% are accepted in crop growth
simulation (e.g., Cho et al., 2007), and PC performed within this range
(10% with both MA, and AU modes). The yearly variability of the
yearly Crop yield (coeffi-cient of variation, CV) was reasonably well
reproduced (Obs, 0.06, PC 0.08, and 0.07, MA, and AU modes
respectively), important for food se-curity assessment under
(changing?) climate conditions (Torriani et al, 2007). For
comparison, Confalonieri et al. (2009) validated the WARM, CropSyst
and WOFOST models for paddy rice (Oryza sativa L.) growth modeling
in 7 sites of the Po valley. Their RMSE (wet biomass) varied between
0.68 ton ha=! and 2.54 ton ha~!, against an average yield (wet
biomass) from 10 to 17 ton ha=! (here, RMSE = 1.1 ton ha™ ' in AU
mode, with an average yield of 11.71 ton ha~!, wet biomass).
Calculation of water footprint of rice at present (Fig. 2b) provides
some hints. The green water footprint WF; is on average (E[.], see
Table 6) of E[WFg] = 384.9 mm (standard deviation, DEVST[WF]
= 56.2 mm) for both MA, and AU. Blue water footprint is also similar,
i.e., EflWFg] = 471.7 mm, and 464.3 mm for MA, and AU (DEVST[WFg]
= 68.8, 64.0 mm, respectively). Irrigation footprint WF; is also similar
(Table 6, E[WF;] = 598.2, 605.1 mm, for MA and AU re-spectively,
DEVST[WF,] = 23.1, and 58.1 mm, MA, and AU, with MA ir-rigation
more constant given the fixed irrigation calendar, Table 1).
Accordingly, one has on average E[WF;| — E[WFg] = 126.6 mm, and
140.8 mm for MA, and AU respectively. This would represent the
excess of irrigation, ie., a quantity of water not actually used for
evapotranspi-ration. As a comparison for the (specific) water
footprint estimates for rice here, one can use the values from some
recent estimates (Chapagain and Hoekstra, 2010, 2011). With specific
reference to Italy, Chapagain and Hoekstra (2010) report (page 40;
Chapagain and Hoekstra, 2010) an estimated water footprint of WFq
= 389 mm and WFz = 359 mm, acceptably close to the estimates
here, albeit with ca. 100 mm more for WFp. However, Chapagain and
Hoekstra (2010) calcu-late WFg with a slightly different method than
here (page 11; Chapagain and Hoekstra, 2010), so this mismatch
seems acceptable, also consider-ing the site specific value here. Mom
(2007) calculates rice water foot-print (called therein CWU, crop
water use, page 99), for several countries worldwide, including Italy.
Therein, one has WF; = 301 mm, and WFg = 474 mm, acceptably
close to the estimates here.

2040 2080

= 5%), CR and climate change scenarios (2 GCMs with 3 RCPs) at mid-century (2040) and at end-of-century (2080).

Concerning specific water footprint (Fig. 9a, b, ¢) one has E[WF&] =
613 kg kg~ !, WF; = 736 kg kg~ !, and WF = 960 kg kg~ ! in CR. Using
yield estimates for rice in Italy from Chapagain and Hoekstra (2011) and
Mom (2007), respectively of Y = 6.10, 6.04 ton ha—!, one has approxi-
mately (E[WF*] =~ E[WF]/E[Y]) E[WF&] = 637 and 498 kg kg™,
E[WF5] = 589 and 784 kg kg~ !, different but substantially including
the estimates here. Specific irrigation water WF; is larger than the
specific blue water footprint on average, and specific excess of irriga-
tion is E[WF;] — E[WF3] = 224.5 kg kg~ ' (AU, Table 6). Here in AU
mode, during the growth season, one has E[Q,] = 60 mm, and
E[Qs] = 67 mm, the latter mostly after crop maturity when the
water layer is depleted. The average excess of irrigation is calculated
as E[WF|] — E[WFg] = 605 — 464 = 141 mm. By subtracting runoff
(Qs + Qg) one has 141 — 60 — 67 mm = 14 mm, the average amount
of water increasing soil water content locally. Cumulated Q; amounts to
67/141 = 47% of excess irrigation (WF, — WFg). When considering also
percolation Qg, on average the total runoff Q; + Qg amounts to 127/
141 = 90% of excess irrigation. By taking for reference a flooding
depth of 50 mm, this amounts on average to 50/141 = 35% of the excess
of irrigation (WF;, — WFg). Accordingly, irrigation in excess is used for
ca. 35% to maintain flooding, the rest being released through runoff
(surface and percolation, ca. 55%), and kept as soil moisture (ca. 10%).
This is a clear indication to farmer of the implications of irrigation of
rice with flooding in this area. According to Chapagain and Hoekstra
(2011) the excess of irrigation with respect to (blue) evapotranspira-
tion, WF, — WFg is not an actual water footprint, but rather it is returned
into the hydrological cycle. This water may be however polluted due to
manure, i.e., with a gray water footprint.

4.2. Variable rice yield and WF under future climate

Future rice growth under potential climate change is variable here,
and so is use of water. Uncertainty dwells into the future trends of
pre-cipitation in the area, subject of a considerable debate. Among
others, Brunetti et al. (2006) studied the presence of trends of yearly
precipita-tion PCUM in the greater alpine region (GAR), including the
case study area here, using long term observations from 192 stations.
Landriano here is within their region South-East (EOF-2 in their Fig.
4), where decreasing PCUM is found. Faggian and Giorgi (2009)
have studied
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Table 8

Correlation analysis of key crop variables against climate descriptors, temperature (T) and
precipitation (P) in spring (AM]) and summer (JAS). Bold values indicate significance at
correlation coefficients and italic indicate significance at p-values.

TAM] TJAS PAMJ PAS CO, Dy Y WF;  WEF,
TAM] 1 032 003 042 000 000 000 019 036
TJAS 014 1 007 006 031 028 039 002 0.10
PAM] —054 —044 1 001 015 001 001 000 0.00
PAS —006 —046 062 1 035 029 049 000 000
CO, 085 015 —032 —012 1 000 003 029 0.16
Dy —098 —0.17 060 017 —087 1 0.00 011 045
Y —089 —009 062 001 —054 085 1 0.14 037
WFs 027 056 —088 —090 0.17 —037 —032 1 0.00
WF —011 038 —073 —076 —030 004 —0.10 086 1

recent projections of precipitation supplied from 20 different GCM
model (including Parallel Climate Model (PCM), Hadley Center Model
version 3 (HadCM3), ECHAMS5 and CCSMS3 for the greater alpine region
(GAR) until 2100. With reference to period 1961-90, the authors report
possible variations (A1B, A2, B1 storylines of IPCC) of PCUM for the
decade 2045-2054 ranging between —10% and + 10% approximately,
with a variability reaching — 15% in Italy, strongly inhomogeneous in
space (eg, Fig. 5; Faggian and Giorgi, 2009). Po valley is clearly
indicated therein as a hotspot for possible climatic droughts, and until
2071-2100 the authors project a strong reduction (—30% to —50% vs
1961-1990) of total precipitation during spring and summer. Faggian
and Giorgi (2009) also projects (2050) an average increase of
temperature of ca. +2 °C (vs 1961-1990) for the GAR, and again they
find a hotspot in the Po valley (+ 2-3 °C during spring for 2071-2100,
+5-6 °Cin summer for 2071-2100).

Further to the modified yield values Y, one finds (Fig. 6) increased
yearly variability, as given by confidence limits for Y (o = 5%). The var-
iability so expressed ranges from 5.1% now to 7.8% at 2080 (ECHAMG6
RCP2.5), but always higher than CR (5.2%), but for CCSM4 under
RCP2.6. As a consequence of the crop and water dynamics above, effi-

ciency of water use may decrease. WF; would increase on average (all
scenarios) by 12% at 2040, and by 25% at 2080, indicating a larger invest-

ment of water for rice cropping. WF; would increase by 3% at 2040, and
by 12% at 2080. Relative WF’ indicates the amount of water needed for
irrigation beyond rainfall directly falling upon the crop area. In the sim-
plifying assumption that rainfall be constant over a given area, and that

it can be entirely conveyed for irrigation (i.e., no infiltration) during the
growth season, if one has e.g,, 1 ha cultivated nowadays, he may provide
water by capturing rainfall from its cultivated land (WFg& = 1), and fur-
ther integrating with 1.6 ha for irrigation (WF’ = 1.6), for a total of
2.6 ha (WFE + WF’ = 2.6). Under the future scenarios here, one
would have on average at 2040 E[WF]] = 2.43, i.e., with the use of
3.43 ha, and at 2080 E[WF}| = 2.26, with use of 3.26 ha. Clearly, a larger
effort will likely be needed in the future to gather the required irrigation
amount for rice cropping.

Albeit some studies have been carried out aimed at assessing the
potential impact of climate change on crop growth and water use in
sev-eral countries worldwide (Penning de Vries et al., 1990; Penning
de Vries, 1993; Tubiello et al, 2000; Olesen and Bindi, 2002;
Matthews and Wassmann, 2003; Parry et al, 2004; Erda et al.,
2005; Olesen et al, 2007; Schmidhuber and Tubiello, 2007;
Masutomi et al., 2009; Gornall et al., 2010; Ouda et al, 2010;
Soussana et al., 2010; Bocchiola et al., 2013; Palazzoli et al., in press)
little, if any information is available concerning future rice growth and
water use in Italy, and elsewhere. Among others, Matthews and
Wassmann (2003) review some studies concerning potential effect of
climate change upon rice cropping. They report, among others about
Penning de Vries et al. (1990), Penning de Vries et al. (1990) and
Penning de Vries (1993), who used the

MACROS crop simulation model, finding that a doubling of the CO, (vs
pre-industrial level, i.e., to 500 ppm or so) would increase yield by 10-
15%, but that this would be offset by rise in temperatures, similarly to
here. Erda et al. (2005) used the PRECIS model to predict the rice yield
for China until 2090, under the A2 and B2 storylines of SRES (CO, of
721 ppm, +3.9 °C and 561 ppm, +3.2 °C). They found that yield
increased under the A2 emission scenario (+8% at 2080) and de-
creased (—5% at 2080) under the B2 emission scenario, and CO,
offsets yield a decrease caused by higher temperatures. Masutomi et
al. (2009) assessed the impact of climate change on rice production in
several countries of Asia inputting climate scenarios until 2080s from
GCMs for three storylines of SRES (18 GCMs for A1B, 14 GCMs for A2,
and 17 GCMs for B1) into the M-GAEZ model. They calculated the
average change of production (ACP), standard deviation of the change
in pro-duction (SDCP), and probability of a production decrease (PPD)
for each SRES storyline. In the 2020s, they found high values of PPD
for all SRES scenarios, because the negative impacts of warming were
larger than the positive effects of CO,. In the 2080s, the scenario with
the highest CO,, A2 (735 ppm) showed a notable decrease in
production (— 10% on average) and a high PPD in the 2080s compared
with the others. In addition, A2 had the largest SDCP among the SRES
scenarios. The scenario with the lowest atmospheric CO,
concentration at 2080, B1 (541 ppm) showed a small decrease in
production (—0.5% on average), a much smaller SDCP and a much
lower PPD than A2. They concluded that a reduction in CO, emissions
in the long term has great potential not only to mitigate decreases in
rice production, but also to reduce crop variability, and to insure food
security. Gornall et al.(2010) report among others a chart by Easterling
et al. (2007), displaying the sensitivity of rice (mid- to high-latitude)
as a result of 69 studies. At mid-latitudes, an increase from +1 °C to
+3 °C would lead to substantially unchanged yield, while for changes
until +5 °C yield may drop down to —30%. Adaptation may make up
for climate change until +4 °C or so.

The results of the correlation analysis in Table 8 underline the
specific links between climate, rice yield, and water footprint,
intuitively arguable but requiring a quantitative analysis. Yield suffers
from high temperatures especially in spring, and increased CO, may
increase bio-mass only initially. WFg required for evapotranspiration
is especially high when high temperatures show up in summer, and
also irrigation WF; required for flooding increases when low
precipitation occurs during the whole growth season. This findings
provide guidance to i) interpret the different results from different
GCMs, especially with re-spect to uncertainties in precipitation
supply, and ii) define the expect-ed trends of yield and WF under
different evolving climate conditions.

4.3. Limitations and future developments

Some drawbacks of this study may be objects of future
investigation. The PC model makes a number of simplifying
assumptions, most nota-bly availability of nutrients is hypothesized.
Future developments of the model should therefore include nutrients'
dynamics. Here, the effect of several drivers under climate change was
not considered, most nota-bly of extreme events, nor they have been
considered changes in pests and diseases. No gray water footprint was
accounted for here, which will need to be studied in the future. Also,
here it was assumed that be-sides the changing climate all other
factors would remain constant in the future. Indeed, in the future
agricultural practice may change, also to adapt to a changing climate,
including change of sowing periods, use of different, slower maturing
cultivars, and of different watering strategies (i.e., without flooding).
These adaptation strategies may save crop yield (see e.g., Tubiello et
al., 2000 for adaptation strategies for maize and wheat cropping in
central and southern Italy, and



Moriondo et al, 2010 for a European wide assessment), while
possibly reducing water use. Specifically for rice, irrigation without
flooding (or with limited flooding periods) may provide decreased
water use, still saving yield (Cabangon et al., 2004). Here, preliminary
simulations carried out with PC for Landriano without flooding (using
AU mode to mimic the effect of sprinkler irrigation, keeping soil wet
enough to avoid large stress, RWC > 95%) showed that lack of flooding
may provide smaller water use (in the order of —22% or so, E[WF;] =
472 mm, vs E[WF;] = 605 mm with flooding), with a loss of yield of
— 3% or so on average, but down to —12% (vs the same year during
2006-2012) in some cases due to thermal stress, with increasing
variability of yield (down to —12% vs the mean value, vs —8% with
flooding now). Howev-er, site specific experiments are needed to
assess rice growth without flooding. In the future, the PC model will
be used to focus on specific adaptation measures for rice cropping and
water use in the Po valley, which need to be carried systematically,
requiring effort beyond the present paper. Eventually, the results here
seem to be of interest, and they provide i) a methodology to assess
crop growth and water use under given climate conditions, and ii) a
believable conjecture concerning future rice yield and water
consumption until the end of XXI century in the Po valley of Italy,
where crop management under climate change must be tackled soon
enough. Recent studies have demonstrated that transient climate
change within the present century will likely lead to decreased
summer flows from rivers in the Italian Alps (Groppelli et al., 2011a;
Confortola et al.,, 2013; Bocchiola, 2014), possi-bly limiting water
availability for irrigation. Moreover, evidence is being raised that
future WF of crops in this area will increase (e.g., maize, Bocchiola et
al., 2013), so strategies for monitoring, modeling, and de-creasing
large scale water consumptions are necessary.

5. Conclusions

Site specific water footprint in the Po valley of Italy was assessed
using the PolyCrop model. Future yield and water use under climate
change until the end of the century were investigated. The results
depend upon the specific GCM, and RCP, and large variability is seen.
However, there is agreement about some key points, namely
i) increased CO, concentration may lead to constant or increased rice
yield until mid-century, at the cost of increased water use, but ii) at
the end of the century rice yield would likely decrease under largely
increased temperature, and yet water use would further increase.
Accordingly adaptation strategies will be necessary to maintain accept-
able rice yield, and water consumption, under increasing demand and
modified climate conditions. The template built here is usable for
i) crop (rice) yield assessment ii) evaluation of water requirements, and
iii) testing of optimal adaptation strategies under climate change, and
represents a relevant contribution for water resource management, espe-
cially to the ongoing debate about food security in Europe and worldwide.
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