
Abstract
To evaluate the environmental adaptability of cultivated car-

doon (Cynara cardunculus L.) its water use efficiency [(WUE) –
ratio between net ecosystem exchange (NEE) and evapotranspira-
tion (ET)] was analysed. The crop was cultivated in South Italy
and WUE was evaluated at different time scales during two sea-
sons: wet and dry. Even if the crop development is similar in the
two seasons, plants delay their development in the presence of
drought, showing, in this way, an improvement in their adaptabil-
ity. Seasonal WUE in the dry season is greater than in the wet one
by +11.2%, and this is also confirmed at monthly and daily scale.
Hourly analysis around the full development phase shows that
WUE is greater during the wet season than during the dry one, this
being explainable when considering the impact of the drivers
[(photosynthetically active radiation (PAR), vapour pressure
deficit (VPD), and air temperature (Tair)] on CO2 and H2O
exchanges by stomatal regulation. The saturation values of NEE in
function of PAR (threshold 2.5 MJ m–2h–1) and VPD (threshold 10
hPa) are greater during the wet season than the dry one.

Furthermore, also the linear relationships between ET and PAR
and VPD showed higher slopes in the wet season than in the dry
one. Drought causes reduction in both photosynthesis and evapo-
transpiration by stomatal regulation, however, the photosynthesis
process is surely more sensitive to water stress than the crop tran-
spiration, thus demonstrating the good adaptability of this crop to
scarce water availability of semi-arid conditions.

Introduction
The knowledge of the relationships between environment and

ecosystem is crucial for assessing the adaptability of crops devot-
ed to bioenergy production (Vanloocke et al., 2012). To maximize
bioenergy feedstock production, the resource use efficiency of
such crops has to be investigated in order to know their sensitivity
to different environmental and climatic conditions. 

The primary goal of advanced renewable bioenergy produc-
tion is to decrease greenhouse gas emissions, therefore the manda-
tory requirements to establish environmental adaptability of a
bioenergy crop are: (i) to establish its carbon (C) source-sink
nature and (ii) to evaluate the environmental resources capability
to support its optimal growth in a given ecosystem. The eddy
covariance (EC) technique can be employed for these purposes,
performing measurements at the ecosystem level of both water
vapour (H2O) and carbon dioxide (CO2) fluxes (Baldocchi, 2003),
which represent the starting points for the direct evaluation of
evapotranspiration (ET) and net ecosystem exchange (NEE),
respectively. Furthermore, by means of these two variables, the
water use efficiency (WUE) can be computed for assessing the
capability of a crop to suitably use water during the growth cycle
and, also, for evaluating its adaptability (Katerji et al., 2008; Rana
et al., 2016a). The literature is rich of examples relative to ecosys-
tem WUEs, defined in terms of net carbon uptake by the ecosys-
tem per amount of water loss as ET, both obtained by EC measure-
ments [Li et al., 2015 - vineyard; Wagle and Kakani 2012 - switch-
grass; Tallec et al., 2013 - winter wheat and maize; Zeri et al.,
2013 - biofuel (row crops, Miscanthus, Switchgrass, native
prairie); Shurpali et al., 2013 - reed canary grass, a perennial
bioenergy crop]. Wagle and Kakani (2012) summarized different
metrics for defining the ecosystem WUE at different time scales
(from seasonal to instantaneous scale) by EC measurements. This
approach can be helpful to gain insight into environmental and
eco-physiological mechanisms of carbon and water (Yu et al.,
2008). 

The current change of regional precipitation regime, both in
terms of rainfall intensity and distribution, is well established all
over the world. In the Mediterranean basin this issue was investi-
gated by many studies (Giorgi and Lionello, 2008; Rana et al.,
2016b; Katerji et al., 2017). The scarcity of surface soil water fol-
lowing periods of long drought increases stomatal resistance, and
decreases the plants’ photosynthetic capacity (Polley et al., 2011).
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Some studies showed that the soil water availability is an impor-
tant limiting abiotic factor for NEE light response and productivity
(Pinigintha et al., 2010; Zhang et al., 2014), so the increased fre-
quency of dry periods may decrease NEE light responses whose
changes in different weather conditions has to be investigated.

By means of three years of continuous EC measurements,
Rana et al. (2016a) demonstrated that a rain-fed bioenergy crop,
Cynara cardunculus L. var. altilis DC. (in the following indicated
cultivated cardoon), cultivated in South Italy, requires one season
for its establishment, being C-neutral during the first year, C-sink
and C-source in the second and third year, respectively. Moreover,
cultivated cardoon showed an improvement in its use of water and
CO2 assimilation during the successive growing seasons.

In this study, the role of environmental drivers on water and
carbon cycles is investigated for this innovative dedicated energy
crop. More precisely, in order to understand how the water use effi-
ciency of the cultivated cardoon varies with environmental condi-
tions (in the sense of weather and water availability), CO2, H2O
fluxes and WUE at seasonal, monthly, daily and hourly time scales
are analysed during two contrasting growing seasons, one wet and
one dry, investigating how the drivers of actual crop evapotranspi-
ration and CO2 assimilation (i.e. vapour pressure deficit, VPD, air
temperature and light) influence the plant-water-atmosphere rela-
tionships. Indeed, cultivated cardoon is able to growth without
supplying water and literature reports its good adaptability to
drought conditions (Gominho et al., 2011), with high yields
(Grammelis et al., 2008). Therefore, its employments for biofuel
feedstock production could be promising in arid and semi-arid
environments, which cover 30% of the global land surface (Asner
et al., 2003), where the major production limit is water. The ques-
tions to address are if and how the variability of actual climatic
conditions affects the potentiality of this bioenergy crop, cultivated
in semi-arid conditions, in a context of climate changes (Katerji et
al., 2017). In particular, considering the increasing of drought
around the world (Dai et al., 2004), the effect of drought on carbon
and water cycles should be better understood for evaluating the
sustainability of this bioenergy crop, despite the future climate
changes.

The main aim of this work is to study the adaptability of culti-
vated cardoon crop to semi-arid environment, in particular: (i) to
investigate the relationships between WUE (as ratio between NEE
and ET) and VPD, light/radiation and air temperature at seasonal,
monthly, daily and hourly scales during two seasons, one wet and
one dry; (ii) to investigate how the stomatal regulation influences
the crop photosynthesis and evapotranspiration under different
crop water conditions. 

Materials and methods

The site and the crop 
The trial was carried out in a field of about 2 ha in the CREA-

AA Research Unit experimental farm located in southern Italy
(Rutigliano-Bari, 41° 01’ N, 17° 01’ E, altitude 147 m a.s.l.). The
climate is Mediterranean semi-arid, with mild winters and warm-
dry summers: the rain is 552 mm year–1 mainly distributed
between the autumn and the late winter. The soil (Lithic
Rhodoxeralf) characteristics are in Table 1. 

A cultivated cardoon selected at the Polytechnic University of
Madrid for its adaptability to semi-arid environments was sown on
31th October 2009 with a plant density of 30,000 plants ha−1and an

inter-row spacing of 1.2 m. Main tillage was conducted in the
autumn 2009 as medium-depth ploughing (0.3 m). Seedbed prepa-
ration was conducted immediately before sowing, by a pass with a
disk harrow. Pre-plant fertiliser was distributed at a rate of 100
kgP2O5ha−1 (triple superphosphate). Starting from the second
growing season, the crop was managed with low inputs, by avoid-
ing soil tillage and mineral fertilisation. No water was applied as
irrigation so that the cardoon regrew immediately after the first
rain in autumn.

Since bioenergy crops should be managed with low inputs, no
water was applied during three growing seasons. The fresh and dry
weight of biomass and the leaf area index (LAI) were measured by
destructive sampling; the phenological stages were registered fol-
lowing Archontoulis et al. (2010). The aboveground biomass was
harvested in summer when the crop was completely dry (Rana et
al., 2016a). 

Flux and ancillary measurements 
H2O and CO2 fluxes were measured by means of the EC

method (e.g. Kaimal and Finnigan 1994), using a three-dimension-
al sonic anemometer (USA-1, Metek GmbH, Elmshorn, Germany)
and a fast-responding open-path infrared CO2/H2O gas analyser
(IRGA, LI-7500, Li-COR Inc., Lincoln NE, USA). A detailed
description of the setup is given in Rana et al. (2016a). Data were
collected continuously on an Industrial Computer (Advantech,
USA) by a resident software (MeteoFlux, Servizi Territorio, S.n.c.,
Cinisello Balsamo, Italy) at 10 Hz frequency. 

The turbulent fluxes of CO2 (Fc, µmol m–2 s–1), H2O (mmol m–2 s–1),
sensible heat (H, W m–2), latent heat (LE, W m–2) were calculated
by using the EddyPro® software (http://www.licor.com/ eddypro),
implementing double coordinate rotation (Kaimal and Finnigan
1994), 60 minutes block averaging, statistical tests (Vickers and
Mahrt, 1997), density correction (Webb et al., 1980), maximum
cross-covariance method and spectral corrections (Moncrieff et al.,
1997). Various filters for selecting good quality data were applied
following Mauder and Foken (2004), Reichstein et al. (2005) and
Papale et al. (2006). The CO2 storage was estimated using the sin-
gle point method (Moureaux et al., 2012) and integrated with the
corrected flux to calculate the NEE. Following Law et al. (2002),
NEE sign indicates whether the system is storing (negative) or
releasing (positive) carbon. Details on data processing are given in
Rana et al. (2016a).

                   Article

Table 1. Soil characteristics in the experimental site.

Parameter                                         Average                    SD

Sand (g kg−1)                                                         21                                 0.6
Silt (g kg−1)                                                            37                                 2.9
Clay (g kg−1)                                                           42                                 3.6
EC (dS m−1)                                                          0.6                                 0.1
pH                                                                            7.9                                 0.3
Field capacity (m3 m−3)                                     0.36                                0.3
Wilting point (m3 m−3)                                       0.22                                0.3
C (g kg−1)                                                                14                                 1.1
N (g kg−1)                                                               1.5                                 0.2
P (g kg−1)                                                                71                                 3.1
SD, standard deviation; EC, eddy covariance.
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Starting from EC data, hourly evapotranspiration, ET, was cal-
culated by dividing LE by latent heat of vaporization (L=2.45 MJ
kg–1) and at daily scale as sum of diurnal ET values.

The Marginal Distribution Sampling technique described in
Reichstein et al. (2005) was employed for gap filling the time series
of quality checked and filtered hourly flux: details of the procedure is
reported in Rana et al. (2016a). Analyses at hourly and daily scales
were carried out using only NEE and LE data flagged of good to
excellent quality following Mauder and Foken (2004).

Net radiation (Rn in W m–2) and soil heat flux (G in W m–2)
were measured by means of two net radiometers (model Q*6,
Campbell Sci., Logan, UT, USA), 1 m above the top of the canopy,
and two heat flux plates (FP-1, Campbell Sci.), placed at 0.1 m
depth into the soil, respectively. These variables were collected by
a CR10X (Campbell Sci., USA) data logger at a frequency of 0.1
Hz and stored for 1 h on average. Soil temperature in °C were mea-
sured at two depths (2 cm below and 2 cm above each soil heat flux
plate) with two thermo-resistances (PT100). 

Quality of EC fluxes was assured by the energy balance clo-
sure (see Wilson et al., 2002 for a review). The sum of hourly val-
ues of turbulent fluxes (H+LE) plus the storage terms was strongly
correlated (r2=0.79) with available energy (A=Rn-G). Details of
systematic error and the energy balance closure, total random flux
uncertainty quantification, footprint analysis and NEE partitioning
are reported in Rana et al. (2016a).

Hourly air temperature, relative humidity, precipitation, global
(Rg) and photosynthetically active radiation (PAR) were recorded
from an automatic weather station located on grassland, approxi-
mately 100 m southwest of the EC station. After having analysed
the precipitation data and compared them with data relative to the
reference 31-year period (1979-2009), the season 2010-2011 was
considered wet, while the season 2011-2012 was dry. Indeed, we
considered the median of precipitation in the reference 31-year
period in the major development plant period, from March until
May, as threshold under which the growth season is dry (Hayes,
2006) and we observed that precipitations in March, April and May
were equal to 51.6 in the reference period (median of precipitations
in all these months in the 31-year reference period), while were
equal to 93.9 and 23.1 mm (median of the precipitations in March,
April and May) in the seasons 2010-2011 and 2011-2012, respec-
tively (Table 2). 

Even if continuous datasets for three entire growing seasons of
cultivated cardoon are available and have been already deeply
investigated in Rana et al. (2016a), in this study the analysis focus-
es on the period November-July of the two seasons – dry (DS) and
wet (WS) – in order to i) compare homogeneous datasets in terms
of number of data and ii) avoid periods when the crop was harvest-
ed and LAI was less than 1 (see Figure 2 in Rana et al., 2016a)
which means the soil is almost bare. 

The water use efficiency and the canopy resistance
Following Baldocchi (1994), Vanloocke et al. (2012), Zeri et

al. (2013) and Li et al. (2015) the WUE (gCO2 kgH2O–1) at ecosys-
tem scale is defined as the ratio between NEE and ET:

                                                            
Eq. 1

The above mentioned authors also recommend the use of day-
time data for computing WUE in order to relate it with carbon
sequestration (Tubiello et al., 1999), then, in this work only daily
values of NEE are considered, filtering data for Rg>20 W m–2.
Moreover, the term CO2 flux has been used to indicate the NEE
during daytime.

In this study the cultivated cardoon stomatal regulation is
determined by analysing the canopy resistance (rc in s m–1) (Rana
et al., 1997a, 1997b; Katerji and Rana, 2011). It is calculated by
inverting the Penman-Monteith equation (Katerji and Rana, 2011):

                                      
Eq. 2

where r is the air density in kg m–3, D is the slope of the saturation
pressure deficit versus temperature function in kPa C–1, g is the
psychrometric constant in kPa °C–1, cp is the specific heat of moist
air in J kg–1 °C–1. VPD is the vapour pressure deficit of the air in
hPa. ra is the aerodynamic resistance in s m–1, calculated as pro-
posed by Katerji and Rana (2011):

                                                  
Eq. 3

                                                                                                                                 Article

Table 2. Monthly mean air temperature (°C), cumulated precipitation (mm), evapotranspiration (mm month–1), CO2 fluxes (gCO2 m–2
month–1) and water use efficiency (gCO2 kgH2O–1) recorded in the experimental site during the two cultivated cardoon investigated time
growth cycles – wet and dry – together with the mean reference values (1979-2009) of mean air temperature and cumulated precipitation.

Month                                           2010-2011 (WS)                                                      2011-2012 (DS)                        31-year mean
                                    Tair          P           ET        NEE      WUE                    Tair         P           ET        NEE        WUE                     Tair            P

November                            14.1           39.5             36             -338           -9.3                           11.5         94.9            27            -320            -11.9                            13.3            79.2
December                             9.2            33.0             29             -265           -9.3                            9.5          15.2            30            -353            -11.8                             9.8             76.4
January                                  7.7            28.3             19             -260          -13.7                           6.6          42.5            24            -327            -13.3                             7.6             75.6
February                                8.0            29.2             31             -424          -13.6                           5.7          72.4            26            -285            -10.8                             8.6             71.6
March                                   10.6           93.9             58             -684          -11.7                          11.5         23.1            51            -700            -13.6                            10.5            63.9
April                                       14.2          139.7            88             -977          -11.1                          13.6         45.3            83            -864            -10.4                            13.4            51.6
May                                        16.7           57.2            112            -911           -8.1                           16.8         20.3           102           -883             -8.6                             18.1            40.8
June                                      22.7           34.7             78             -116           -1.5                           23.6          1.9             72            -208             -2.9                             21.7            39.5
July                                        24.2           32.6             57             141            2.5                            26.4         22.5            40             110              2.8                              24.4            37.3
November-May                   11.5          420.8           373           -3858         -10.4                          10.7        313.7          345          -3732           -10.8                            11.6           459.1
November-July                    14.2          488.1           508           -3833          -7.5                           13.9        338.1          456          -3829            -8.4                             14.3           535.8
WS, wet season; DS, dry season; Tair, mean air temperature; P, cumulated precipitation; ET, evapotranspiration (mm month–1); NEE, net ecosystem exchange; WUE, water use efficiency.
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where z is the measurement height of wind speed, k is the von
Kármán constant, hc is the crop height and d is the zero displace-
ment plane height. All input variables are measured as indicated in
Rana et al. (2016a), D is calculated as in Katerji and Rana (2011).
LE and u* (friction velocity) are directly computed using EC data.

Results and discussion

Seasonal and monthly scale

Weather 
Mean monthly air temperature and cumulated precipitation (P)

for the two growth seasons of the study are reported in Table 2, in
comparison with the 31-year-reference period (1979-2009) means.

The mean temperature for the whole period is comparable with
the temperature of the reference period, with exceptional hot sum-
mer in the DS (June and July 2012). In the two seasons the site
received less water by precipitation than during the reference peri-
od: in particular, 9% and 37% less than the 31-year mean for WS
and DS, respectively. The DS was drought in the spring period
(March-June), with small rainfall in March, which is a crucial
month for the development phase of the crop (Archontoulis et al.,
2010). Furthermore, even if in the WS the site received an amount
of water comparable with the 31-year mean, the rainfall distribu-
tion during the growth cycle was scarce during winter, from
November until February, and very abundant in the spring, from
March to May, with a huge value in April (171% greater than the

31-year value), representing the 29% of the total rain during the
experimental period. In summary, the weather of the two seasons
showed variability, being drought during spring-summer of the
DS, and quite rainy during spring of the WS.

The total ET in the period November - July was 508 and 456
mm for the WS and DS, respectively. During DS rainfall exceeds
ET only in November, January and February. Seasonal cumulated
rainfall is lower than ET for the two seasons and the water deficits
(ET-P) at the end of the growth cycles are equal to 20 and 118 mm,
for the WS and DS, respectively. 

Crop development
A detailed description of the phenological phases develop-

ment, the patterns of the green biomass (GB, g plant–1) and LAI
(m2 m–2) are reported in Rana et al. (2016a). The development of
the green biomass reaches a first maximum on late November and
January for the WS and DS, respectively, followed by a rapid
decrease of the biomass in almost one month and a gentle increase
until May and June for the WS and DS, respectively. The LAI has
the same patterns as GB: the maximum value is reached on early
May in the WS (4.14 m2 m–2) and on end May-early June in the DS
(4.54 m2 m–2). The patterns of the LAI are clearly linked to the
weather: the rainy spring accelerates the growth of the plants in the
WS and, vice versa, the drought of the spring in the DS decelerates
the development of cultivated cardoon crop. 

CO2 fluxes, evapotranspiration and water use efficiency
Paths of NEE and LE during the day, as mean of hourly values

month by month, are reported in Figure 1 for both the wet and dry

                   Article

Figure 1. Diurnal trends of (A) net ecosystem exchange and (B) latent heat flux during time, from November until July for the two sea-
sons: wet (November 2010-July 2011) and dry (November 2011-July 2012).

A

B
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season. Hourly trends of CO2 flux during the day follow the typical
reversed sinusoidal dynamics with minimum values around noon
(Figure 1A). CO2 flux decreases from November to January and
increases from February until April-May, then it again decreases
until the end of the season. The maximum value, both in terms of
absolute and integral value, is reached in April, while CO2 flux is
almost zero during July. The CO2 fluxes are very similar both in
terms of pattern and values during the two seasons, even if the
weather is substantially different, as above discussed. However,
the CO2 flux is lower during the DS than in the WS during the
whole cultivated cardoon growth cycle, except during winter and
particularly in December and January, when it is slightly greater in
the dry season than in the wet one, due to the different develop-
ment of the crop (Rana et al., 2016a) and different meteorological
conditions. Indeed, the DS winter is rainier than the WS one, mak-
ing more water available for the cultivated cardoon growth. It
seems that during the third growing cycle, the DS one, the crop
improves its access to water reserve in deeper soil layers, which
supports greater biomass and carbon assimilation than during WS,
even if the precipitation pattern is unfavourable. Furthermore, the
hourly values of NEE in the WS are very similar for the month of
maximum growth of the cultivated cardoon (April and May) while
in the DS they are lower in May than in April.

Hourly trends of latent heat flux during the day (Figure 1B)
also follow the typical bell shape, being maximum around noon
and minimum during nighttime or in the early morning. In the two
growth seasons, the maximum integral value of LE is reached in
May, when the LAI is around its maximum, while the lowest one
is reached in January, when the air temperature is the lowest of the
year. In general, the patterns of hourly LE is very similar in the two
seasons, being almost superimposable from November until April,
except for December and January, when the development of the
crop is greater in DS than in WS. Differences can be envisaged in
the LE pattern in May and June, when the crop evapotranspires
more in the wet than in the dry season, confirming the results of
other authors about the impact of rainfall distribution on evapo-
transpirative fluxes in function of phonological phases (Shurpali et
al., 2013). 

LE and CO2 fluxes greatly decrease in June and July, when the
LAI and the GB decrease drastically due to the senescence of the
crop and the photosynthetically active leaves are not yet fully func-
tioning. 

The seasonal and inter-annual pattern of LE and CO2 flux are
deeply described in Rana et al. (2016a) and can be explainable
both with the weather pattern and the plant physiology (see Figure
3 in Rana et al., 2016a). Instead, In this paper, WUE and its com-
ponents NEE and LE have been studied at monthly, daily and
hourly scale in function of crop and weather characteristics in
order to investigate on if, how and why the cultivated cardoon crop
changes its seasonal efficiency in the water use from wet to dry
season of growth and what are the dynamics of water use and CO2

assimilation in function of crop physiological activities.
In Table 2 the cumulated ET, NEE and their ratio (i.e. the

WUE) at monthly and seasonal scales are shown for both seasons.
At monthly scale the WUE values are, generally, greater in DS
than in WS, except in January when WUE values are almost equal
and in February and April when it is higher in WS than DS.
Moreover, WUE values are very low in June and positive in July
for both seasons: this is due to the low value of NEE in June and
its positive value in July, when the photosynthesis activity is
almost zero due to senescence (Rana et al., 2016a). Actually, dur-
ing the senescence the majority of CO2 fluxes are toward atmo-
sphere due to respiration and so did not contribute to carbon assim-

ilation. These values of WUE confirm the above observations of
the hourly pattern of CO2 and latent heat fluxes.

Seasonal WUE, calculated as ratio of the cumulated values of
NEE and ET, is of the same order in the two seasons but consider-
ably higher (+11.2%) in the dry season than in the wet one because
the denominator (ET) is 10.2% lower than WS due to drought,
while CO2 fluxes are identical. Excluding the months in which the
crop is in the senescence phase (June and July, see Figure 1), the
values of WUE are quite similar for the two seasons, being slightly
higher (+4.5%) in the dry season than in the wet one. During the
period November-May, the ET and NEE of DS are smaller than
those of the WS one by 7.5% and 3.3%, respectively. In summary,
taking into account the investigated time from November to July,
the cumulated NEE are equal in the two seasons, while the cumu-
lated ET is lower in the DS than in the WS. Instead, when the
senescence is not taken into account, both cumulated NEE and ET
are lower in the dry season than in the wet one and these differ-
ences are more marked for ET than for NEE. Therefore, the stom-
atal regulation, which affects both CO2 and H2O fluxes, seems to
have more effect on NEE than on ET, as reported in Kuglitsh et al.
(2008). For deeper investigating the significance and the causes of
the differences in the seasonal WUEs and the relationships
between NEE and ET in different meteorological conditions, the
relationship between CO2 and water fluxes ET at different time
scales has been analysed. Data relative to the senescence phase in
June and July were excluded from this analysis for the above-
explained reasons. 

In Figure 2 monthly CO2 flux are related to ET values in the
period November-May (Table 2). The slopes of these linear rela-
tionships forced to zero are a good representation of the WUE
(Wagle and Kakani, 2012) and are very close to the WUE values
found as ratio between NEE and ET, cumulated at seasonal scale
in the same period. In this case the slopes are not significantly dif-
ferent (ANCOVA P=0.71) even if the correlations are very strong. 

It is worth to notice that the monthly relation between NEE and
ET shows a plateau in April and May around -900 gCO2 m–2

month–1 for both the seasons, which has to be investigated at
smaller time scales. 

Daily scale
Except for the senescence phase, in accordance with

Emmerich (2007) and Wagle and Kakani (2012), daily WUE val-
ues along the seasons, show a great variability, ranging between 
-0.89 and -41.68 gCO2 kgH2O–1 in the WS and between 0.12 and 
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Figure 2. Water use efficiency at monthly scale as ratio between
cumulated net ecosystem exchange and cumulated evapotranspi-
ration in the period November-May (excluding the senescence
phase) for the two seasons: wet (November 2010-July 2011) and
dry (November 2011-July 2012).
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-42.68 gCO2 kgH2O–1 in the DS. This variability is due to the
effects of weather and plant physiology on CO2 and ET fluxes. The
relation, using daily values, between diurnal cumulated CO2 flux
and ET is shown in Figure 3. The reported values are relative to the
months from November to May. For both considered datasets, the
values are strongly linearly correlated, but the slopes of linear
regressions, representing the WUEs at daily scale, are not signifi-
cantly different (ANCOVA; P=0.095). Furthermore, such as at
monthly scale, the relationship between NEE and ET shows a
plateau: at ET values greater than about 3 mm d–1 the crop does not
assimilate more than about -40 gCO2 m–2d–1. 

The analysis continues at shorter time scale in order to investi-
gate this apparent saturation of CO2 assimilation at high values of
ET, found at monthly (Figure 2) and daily (Figure 3) scale, also
considering that evapotranspiration (Katerji and Rana, 2011) and
CO2 exchange are instantaneous phenomena (Steduto et al., 1997;
Asseng and Hsiao, 2000). The seasonal and inter-annual change in
the rate of photosynthesis for this cultivated cardoon crop is con-
trolled by variation in amount of green leaf area (Rana et al.,
2016a). The relationship between CO2 flux and LAI is often used
to examine the role of leaf area in the crop water use at ecosystem
level (Suyker and Verma, 2010; Li et al., 2015), for our case of
study it is reported in Figure 4: each point represents the values of
LAI and CO2 flux cumulated in the day when LAI is measured (10
and 11 sample days for WS and DS, respectively). Data relative to
the senescence phase are excluded from the linear regression anal-
ysis, since only green leaves participate to the vapour and carbon
dioxide stomatal regulation, as above reported. Note that the val-
ues relative to LAI<1, when the crop did not cover completely the
surface, are not taken into account in the linear regression of the
two seasons. Notwithstanding a clear strong linear correlation
between LAI and CO2 flux along the two seasons, Figure 4 shows
that the CO2 flux reaches a sort of plateau for LAI values greater
than about 3.5 m2 m–2 (dotted line), i.e. the plants seem not to
improve their CO2 assimilation at high LAI values, during either
the WS or the DS. 

Hourly scale
The relationship between assimilation (diurnal CO2 flux in

μmol m–2 s–1) and evapotranspiration (in terms of positive diurnal
instantaneous latent heat flux in W m–2) at hourly scale, for both
seasons are reported in Figure 5. Also at this time scale, the values
are strongly linearly correlated, but the values of the slope of linear
regressions between NEE and ET, representing the WUEs at
hourly scale, are not significantly different (ANCOVA; P=0.314).
To understand the photosynthesis and water consumption of culti-
vated cardoon under different weather conditions and to interpret
the shape of the relation between LAI and NEE (Figure 4) the fol-
lowing investigation at hourly scale is limited to a period of 15
days when the plants physiology are similar, i.e. same phenologi-
cal phase (Rana et al., 2016a) and same LAI value of about 3.7 m2

m–2. These characteristics correspond to the following periods: 21
April - 5 May and 12- 26 May for the WS and DS, respectively.
The mean diurnal values and standard deviations of PAR, VPD and
Tair are reported in Table 3, together with the number of cloudy
days, calculated by the extra-terrestrial solar radiation and the actu-
al global radiation as indicated by Law et al., (2002). The PAR is
slightly higher in the DS than in the WS, because of the light dis-
tribution and the duration of the days of the chosen periods. The
mean VPD is considerably higher in the DS than WS; however the
dispersion of values is equal in the two seasons. Correspondingly,
the mean air temperature in DS is higher than in WS with similar
standard deviation. 

                   Article

Figure 3. Water use efficiency as relationship at daily time scale
between diurnal CO2 flux and evapotranspiration for the two sea-
sons: wet (November 2010-July 2011) and dry (November 2011-
July 2012).

Figure 4. Relationship between leaf area index and CO2 flux for
the two seasons: wet (November 2010-July 2011) and dry
(November 2011-July 2012).

Figure 5. Relationship between CO2 flux and latent heat flux at
hourly scale for the two seasons: wet (November 2010-July 2011)
and dry (November 2011-July 2012).
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In Figure 6 the relationship between assimilation and latent
heat flux is reported for the above mentioned selected 15 days of
full plant physiological activity.

At hourly scale the relationships between NEE and LE are
again strongly linear and the linear regressions are significantly
different (ANCOVA; P<0.001) with higher slope for WS than DS.
These hourly relations show a plateau of CO2 at LE around 350
and 400 Wm–2 for the WS and DS, respectively. Above these
thresholds the mean values of NEE are -26.7±3.9 and -24.1±5.8
μmol m–2 s–1 in WS and DS, respectively; the maximum NEE
value attained by cultivated cardoon in the DS is lower than in the
WS, even if the values are not significantly different. 

It is reasonable to suppose that saturation of CO2 assimilation
occurred when the plants exchange water vapour at high rate val-
ues: since H2O and CO2 fluxes are driven by the stomatal regula-
tion, through light and thermodynamic conditions of the atmo-
sphere, mainly VPD and air temperature (Monteith 1973; Rana and
Katerji,  1998; Katerji and Rana,  2011; among many others), it is
worth to investigate the influence of these variables on the CO2

assimilation and crop-air water vapour exchanges.
In Figure 7 the relationships among NEE (upper panels) and

LE (bottom panels) vs PAR (a and d), VPD (b and e) and Tair (c and
f) are reported for both seasons. Meteorological variables are com-
piled with bins (Pingintha et al., 2010) having following values:
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Table 3. Means of photosynthetically active radiation, vapour
pressure deficit and mean air temperature considering only diur-
nal values in the selected period around full crop development for
the two seasons – wet and dry.

                                                           WS,                           DS,
                                                  21 April-5 May           12-26 May

PAR (MJ m–2 h–1)                                        1.71±1.25                         2.03±1.40
VPD (hPa)                                                     7.26±5.43                        10.06±5.68
Tair (°C)                                                        17.30±3.36                       18.67±3.89
Cloudy days (n)                                                 10                                       5
WS, wet season; DS, dry season; PAR, photosynthetically active radiation; VPD, vapour pressure deficit;
Tair, mean air temperature.

Figure 6. Relationship between CO2 flux and latent heat flux at
hourly scale, in the 15 days around the peak of photosynthetic
activity for the two seasons: wet (November 2010-July 2011) and
dry (November 2011-July 2012).

Figure 7. Relationships between net ecosystem exchange (A-C), latent heat (D-F) and climatic variables (photosynthetically active radi-
ation, vapour pressure deficit, and air temperature) at hourly scale during the 15 days around the peak photosynthetic phase for the
two seasons: wet (November 2010-July 2011) and dry (November 2011-July 2012).

A B C

D E F

IJA-2017_4.qxp_Hrev_master  15/12/17  09:53  Pagina 331



[page 332]                                                   [Italian Journal of Agronomy 2017; 12:862]                                  

0.5 MJ m–2 h–1 for PAR, 2 hPa for VPD, 1°C for Tair. To avoid con-
fusion due to superimposition in the graphic, the standard devia-
tions are also indicated only in one direction, positive or negative;
all data are relative to the above selected 15 days around the peak
of photosynthetic activity.

The relationship between NEE and PAR (Figure 7A) is differ-
ent in the two seasons: NEE linearly increases in absolute values
with PAR until a threshold of 2.5 MJ m–2 h–1, then it remains con-
stant around -27 μmol m–2 s–1 in WS and -18 μmol m–2 s–1 in DS.
For low values of PAR the CO2 assimilation is only limited by
light, while above a certain threshold at high values of light this
limitation should be attributed to other factors (Bai et al., 2015),
like VPD and soil moisture. Since photosynthesis is mainly regu-
lated by light, these results are in general agreement with the rela-
tionships found in many other studies (see for example Nieveen et
al., 2005), where a saturation value of PAR can be envisaged for
the CO2 assimilation. Since the stomatal regulation is strongly
influenced by the crop water status, this finding can be explained
with the soil water conditions (Pingintha et al., 2010), which in the
DS is far from optimum, due to the scarcity of rain in the period
May-June 2012 (Table 2). The soil water scarcity determines the
increase of the canopy resistance (Rana et al., 1997), which is
associated to a decline of the photosynthetic rate (Williams et al.,
2001). 

The plants of cultivated cardoon show a similar, albeit signifi-
cantly different, saturation of the CO2 assimilation at high PAR
values for the two seasons, but this saturation is not revealed for
the evapotranspiration, i.e. LE is not limited by increasing values
of PAR and the relationships (Figure 7D) is strongly linear. Above
the same PAR value of 2.5 MJ m–2 h–1, LE is lower in the DS than
in the WS one. This different physiological response of the culti-
vated cardoon to the light for CO2 assimilation and evapotranspi-
ration contributes to explain the differences found between WUE
at seasonal and monthly scales observed above. Indeed, the differ-
ent availability of soil water in the two seasons determines a sen-
sitivity to PAR of cultivated cardoon crop greater for NEE than for
LE, i.e. above a PAR saturation value, NEE attains a constant value
lower in the dry season than in the wet one, while LE increases
with PAR. Law et al. (2002) reported that the relation between
NEE and PAR showed that crops absorbed more CO2 in cloudy
days, which in our case occurs more often in WS than in DS (Table 2):
during cloudy periods the soil moisture is higher, hence the soil
respiration should be greater for the same values of PAR and Tair.

The relationship between CO2/H2O fluxes and VPD depends
by stomatal regulation. The daytime hourly NEE (panel b) and LE
(panel e) values are related to VPD in Figure 7. In both seasons,
NEE increases in absolute value with VPD until a threshold of
about 10 hPa and it remains constant around -15 and -20 μmol m–2 s–1

for WS and WD, respectively. Also for the relationships between
LE and VPD the trends are similar and strongly linear, however,
the slope of LE vs VPD is lower for DS than WS. Kuglitsch et al.
(2008) reported that increasing VPD until afternoon causes stom-
atal closure, thus increasing stomatal resistance. Since stomatal
resistance impacts on both CO2 assimilation and transpiration, but
it is only the water flux to be proportional to VPD (Figure 7B and
7E), the overall effect of VPD on NEE is higher than on transpira-
tion. Furthermore, Körner (1995) and Unsworth et al. (2004) found
a hysteretic pattern of diurnal NEE which was due to a limitation
of photosynthesis caused by stomatal closure at high VPD.
Actually, our results are in the same sense as Pingintha et al.
(2010) who found a VPD saturation value of 12 hPa above which
NEE decreased toward constant value when a peanut crop is under
water stress condition. Bai et al., (2015) reported that, for cotton,

CO2 assimilation increased with increasing VPD, reached the max-
imum over nearly 31 hPa and then declined.

The relationships between NEE (panel C) and LE (panel F)
and air temperature are reported in Figure 7. In WS, NEE increases
with the increasing of Tair, then it remains almost constant around
21°C; NEE in DS seems less affected by air temperature (Figure
7C). LE in WS monotonically increases with the increasing of Tair
above 11°C; once again LE in the dry season seems less influenced
by the Tair pattern (Figure 7F). Pingintha et al. (2010) found the
same trend for NEE after a value of Tair of about 30°C.

The variability of LE (deducible from standard deviation) is
higher in the dry than in the wet season.

The influence of stomatal regulation on CO2 and H2O fluxes
for cultivated cardoon crop was further and directly evaluated by
studying the pattern of NEE and LE in function of the rc. In Figure
8 the diurnal path of rc (panel A) is reported for both seasons
together with VPD (panel B). Each point was calculated as the
mean of all available data at that time. In both seasons, rc decreases
from early morning until 8 a.m., then it remains almost constant
until 2-3 P.m. reaching the lowest values around the hottest hours,
then it increases until evening. During afternoon rc is always
greater in DS than in WS; the VPD during DS is always higher
than in WS (Figure 8B), but its influence on the rc is clearly effec-
tive in the afternoon, when rc has greater values, i.e. the stomata
are more closed in DS than in WS.

                   Article

Figure 8. Diurnal trend of (A) canopy resistance and (B) vapour
pressure deficit during the 15 days around the peak of photosyn-
thetic activity for the two seasons: wet (November 2010-July
2011) and dry (November 2011-July 2012).
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The mean values of NEE (panel A), LE (panel B) and their
ratio, WUE (panel C), are reported in function of canopy resistance
in Figure 9, the values are compiled with rc bins of 50 s m–1. From
this figure it is clear that the stomatal regulation has different
impact on NEE and LE. LE linearly decreases with rc in both sea-
sons (Figure 9B), while, NEE decreases as the canopy resistance
increases in both wet and dry conditions, but the range of variation
is lower for DS; in both seasons, however, NEE is constant for val-
ues of rc below a threshold of 100 s m–1 (Figure 9A). NEE is iden-
tical for both seasons when rc is around 150 s m–1, then it sharply
decreases more during WS than during DS. The different impact of
stomatal regulation on NEE and LE explains the pattern of WUE
in function of the rc (Figure 9C): it remains constant below rc = 150
s m–1, albeit at different values (-0.11 and -0.07 μmolCO2 J–1, for
wet and dry season respectively), it is equal (-0.09) when rc is
around 200 s m–1 and it is greater in the dry than in the wet season
for high values of rc.

Conclusions
The cultivated cardoon, as perennial crop, spends one year, the

first one after sowing, for its establishment investing mostly in
developing the storage organs of root system, rather than in devel-
oping the above ground biomass (Angelini et al., 2009; Gominho
et al., 2011; Rana et al., 2016a). The strong development of the
root system supports the development of the green biomass in the
seasons following the first one, when the cardoon crop showed
similar physiological functioning, both in terms of phenological
phases, green biomass and LAI development. Therefore, in the
present study, the water relations, as water use efficiency (WUE),
at ecosystem level was evaluated in the second and the third
growth seasons, characterized by different climatic conditions: wet
or dry as a consequence of the rainfall distribution. The analysis
was performed at different temporal scales: seasonal, monthly,
daily and hourly. 

By excluding the period of senescence, WUE at seasonal scale
was slightly higher in the dry season than in the wet one because
of the reduction of crop evapotranspiration in the period of
drought. Instead, the cumulated CO2 assimilation was similar in
the two seasons. This finding was confirmed at monthly scale, but
WUE was not significantly different in the two seasons. To inves-
tigate these results in function of the environmental drivers, the
water use efficiency was investigated at shorter time scale. At daily
scale cultivated cardoon plants reached a constant value of CO2

flux above LAI=3.5 m2 m–2, independently on the season.
Moreover, at daily scale NEE showed a constant value at high ET,
different for wet and dry seasons. This behaviour was investigated
by analysing the relations between crop and climate (PAR, VPD
and Tair). In fact, since photosynthesis is mainly regulated by light,
a saturation value of PAR, common for both the seasons, was
found for CO2, equal to 2.5 MJ m–2 h–1.

The analysis at hourly scale revealed also that NEE, LE and,
consequently, WUE strongly depend on weather conditions and
crop water conditions, which determine the stomatal regulation
expressed through the canopy resistance.

By focusing on the period when the crop has the same value of
LAI in both wet and dry conditions, a saturation value of CO2 flux
for high values of PAR/VPD was found. However, the relation-
ships between LE vs PAR and LE vs VPD were found linear. The
crop limits CO2 assimilation at VPD over about 10 hPa and, after
this value, the photosynthesis was constant and on average lower
in the dry season than in the wet one. Although drought causes
reduction in photosynthesis and evapotranspiration by stomatal
regulation, photosynthesis resulted surely the most sensitive to
water stress. 

As a consequence of our analyses, it can be said that the culti-
vated cardoon stomatal regulation optimizes the available water
use in function of weather conditions. Hence, even if the rainfall is
not well distributed in the growth season, also with extreme precip-
itation events, the rainfed cultivated cardoon regulates the
exchanges of CO2 and H2O in order to have always a good efficien-
cy of photosynthesis and water consumption. Therefore, it could be
well adapted to climate change situations with low rainfalls and
high temperature and vapor pressure deficit.

Finally, for practical purposes, since for rainfed crops the only
water supply is rainfall, it was worth to compute also the precipi-
tation use efficiency PUE (e.g. Huxman et al., 2004), given as the
ratio between NEE and precipitations at seasonal scale: It was
equal to -7.8 and -11.3 gCO2/mmH2O for the wet and dry season,
respectively. The better performances in water use in the dry sea-
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Figure 9. Relationships between net ecosystem exchange (A),
latent heat (B) and water use efficiency (C) vs canopy resistance
at hourly scale during the 15 days around the peak of photosyn-
thetic activity for the two seasons: wet (November 2010-July
2011) and dry (November 2011-July 2012).
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son with respect to the wet one make Cynara cardunculus L. a suit-
able crop for sustainable cultivation in semi-arid water limited
environments under rainfed conditions.
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