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a b s t r a c t
Corylus avellana L. (hazelnut) is one of the world’s major nut crops, and is considered a sensitive species to
water stress having a low capacity for stomatal regulation. Knowledge of hazelnut response to water stress
is important from an economical point of view since water stress affects fruit quality and production. In
this context, the effects of three different water regimes imposed during leaf development of hazelnut
saplings were analyzed. The results suggested that saplings which formed leaves under moderate and
severe-water stress regimes (MS and SS saplings, respectively) displayed several anatomical, morphological and physiological acclimations compared to those developed under a well-watered regime (WW
saplings), giving them a greater capacity to cope with water stress. For instance, at a morphological level,
MS and SS saplings had a higher leaf mass per unit of leaf area (LMA) and leaf tissue density (LTD) (by
15% and 36%, mean value, respectively) compared to WW saplings. At a physiological level, stressed SS
and MS saplings show higher dark respiration rates (RD ), an improved photo-protection mechanism and
a higher capacity to dissipate the excess of excitation energy (i.e. a higher carotenoid to chlorophyll ratio;
a lower PSII ) in respect to stressed WW saplings. During the imposed water stress, the 18% increase of
the intrinsic water use efﬁciency (iWUE) in all three treatments attests to the stomatal control in the
net assimilation rate (AN ) decrease. Taking into account that in the Mediterranean area supplemental
irrigation in hazelnut orchards is required and that ground water supplies are declining while energy
costs of irrigation are increasing, these results may provide important ﬁndings from an agricultural point
of view concerning irrigation decisions about the water supply to hazelnut saplings.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Under the context of climatic change, drought is becoming a
real problem most constraining plant growth and ecosystem productivity in many regions all over the world, particularly in arid
and semi-arid areas (Riccardi et al., 2016). Plants respond to water
deﬁcit with a down-regulation of photosynthesis which occurs
through a decrease in stomatal conductance and/or mesophyll conductance (Flexas et al., 2006; Catoni and Gratani, 2014; Chastain
et al., 2014), and in the biochemical efﬁciency (Flexas and Medrano,
2002; Lawlor and Cornic, 2002; Galmés et al., 2013). In particular, under drought events, down-regulation of the photosynthetic
metabolism as a result of low stomatal conductance is the main
limitation on photosynthesis (Flexas et al., 2006). Therefore, the
drought effects on plants depends on the impact on plant at physi-
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ological, biochemical and molecular processes and on the ability of
plant to adapt in these conditions (Massonnet et al., 2007). Plants
developed a wide range of mechanisms in response to drought (Ha
et al., 2014). In particular, leaf is the main organ which responds
to environmental conditions (Nevo et al., 2000), thus its structure
reﬂects the effects of water stress more clearly in respect to others
organs such as stem and roots (Guerfel et al., 2009). Leaf anatomical
traits variations determine differences in the CO2 diffusion pathway from the sub-stomatal cavities to the site of carboxylation
contributing to the maintenance of sufﬁcient photosynthetic rates
despite the low stomatal conductance (Evans and Loreto, 2000).
Corylus avellana L. (hazelnut) is one of the major world’s nut
crops (Boccacci et al., 2008) resulting second in nut production
after almond (Prunus amygdalus Batsch) (Shahidi et al., 2007). To
date, Turkey is the major world hazelnut producer (660,000 tons of
dry in-shell nuts), accounting for about 72% of the world production, followed by Italy (85,232 tons), USA (30,000 tons), Azerbaijan
(29,624 tons) and Georgia (24,700 tons) (FAO Production Yearbook
2012).
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Notation index
AN
Chl a+b
Car
Ci
E
ETR
ETR/AN
Fv /Fm
gs
iWUE
LMA
LTD
PPFD
RD
RD /AN
RWCpd
SAI
SD
VPD

ФPSII
pd

Net assimilation rates [mol (CO2 ) m−2 s−1 ]
Total chlorophyll content [mg(Chl) leaf g−1 ]
Carotenoid content [mg(Car) leaf g−1 ]
Sub-stomatal CO2 concentration (ppm)
Transpiration rate [mmol (H2 O) m−2 s−1 ]
Electron transport rates [mol (electrons) m−2 s−1 ]
Ratio between electron transport rates and net
assimilation rate
Maximal quantum yield of PsiI photochemistry
Stomatal conductance [mol (H2 O) m−2 s−1 ]
Intrinsic water use efﬁciency [mol (CO2 ) mol
(H2 O)−1 ]
Leaf mass per unit of leaf area (mg cm−2 )
Leaf tissue density (mg cm−3 )
Photosynthetic photon ﬂux density [mol (photons) m−2 s−1 ]
Dark respiration rates [mol (CO2 ) m−2 s−1 ]
Ratio between dark respiration rates and net assimilation rates
Relative water content at pre-down (%)
Stomatal area index
Stomatal density (n◦ stomata mm−2 )
Vapor pressure deﬁcit (KPa)
Effective quantum yield of PSII photochemistry
Leaf water potential at pre-down (MPa)

Hazelnut is considered a sensitive species to water stress by
its low capacity of stomatal control (Bignami et al., 2009, 2011;
Cristofori et al., 2014). Knowledge about hazelnut response to water
stress is of importance from an economical point of view, since
it affects fruit production and quality by determining early cessation of fruit growth, early leaf fall, blank nut increase, kernel
decrease and a higher susceptibility to disease (Bignami et al., 2000;
Diaz et al., 2005). For these reasons, hazelnut production is limited to those areas where rainfall meets crop water requirements
(Marsal et al., 1997; Reis and Yomralioglu, 2006), speciﬁcally hazelnut needs about 800 mm of rainfall well distributed through the
year (Cristofori et al., 2014). However, in the Mediterranean basin
water shortage is one of the main growth-limiting factors for crop
species (Martinelli et al., 2014). Therefore, supplemental irrigation in hazelnut orchards is necessary to minimize the impact of
water stress on crop’s performance in late spring and early summer,
which is a crucial period to provide photosynthates for both fruit
ﬁlling and reserve accumulation for the following year (Baldwin,
2009; Marsal et al., 1997; Solar and Stampar, 2011). In fact, according to the results obtained by Bignami et al. (2011) irrigation in
hazelnut orchard improved yield and positively affected the kernel
percentage in respect to not irrigated orchards. Nevertheless, the
availability of water for irrigation purpose is declining due to the
increase of domestic and industrial needs. In the same time, tourism
in the Mediterranean areas increases during summer which coincides with the period of higher irrigation demand. This leads to
a subsequent and additional over-extraction and lowering of the
groundwater table (Garcia and Server, 2003). For these reasons a
greater awareness of water needs of hazelnut in orchards is necessary in order to optimize the water supply, particularly in areas
with limited water availability, irregular rain distribution during
the year as well as in young plants (Cristofori et al., 2014). In this
respects, several studies were carried out for analyzing the water
needs of hazelnut in orchards (Bignami et al., 2009, 2011; Cristofori
et al., 2014; Gispert et al., 2015). Moreover, a deeper knowledge of
the mechanisms that regulate hazelnut carbon assimilation under
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water stress conditions is of great interest in the framework of
agricultural management. In this context, the aim of the present
research was to investigate the water stress effects on C. avellana
cv. ‘Tonda Gentile Romana‘ saplings by experimentally withholding irrigation. In particular, saplings were subjected to different
water regimes throughout the whole leaf development. We analyzed how different leaf traits determine a different capability to
cope with water stress, considering that irrigation deﬁcit affects
some morphological and physiological traits related to the hardening of seedlings or saplings (Bañon et al., 2003).
2. Materials and methods
2.1. Study area and plant material
Experiments were carried out from March to July 2015 at the
experimental garden of the Sapienza University of Rome (41◦ 54 N,
12◦ 31 E; 41 m a.s.l.). Two-year old saplings (n = 60) of C. avellana
cv ı́Tonda Gentile Romanaı́ (mean height and diameter = 58 ± 5 cm
and 1.2 ± 0.1 cm, respectively) from the nursery near Viterbo (VT,
42◦ 25 N, 12◦ 06 E, Lazio) were growing in pots (diameter = 24 cm,
volume = 9 L). Pots contained an organic commercial substrate
(COMPO BIO, COMPO GmbH, Germany) with the following composition and hydrological properties: organic carbon (C) 35%, humic
carbon 11%, organic nitrogen (N) 1.4%, carbon on total nitrogen ratio
of 25, peat (65%), pH(H2 O) 6.0–7.0, bulk density 220 kg m−3 , ﬁeld
capacity 63% and permanent wilting point 33%.
The study site is characterized by a Mediterranean type of climate. The mean minimum air temperature (Tmin ) of the coldest
months (January and February) is 4.9 ± 0.1 ◦ C, the mean maximum
air temperature (Tmax ) of the hottest months (July and August)
31.6 ± 0.2 ◦ C and the yearly mean air temperature 16.6 ± 6.5 ◦ C.
Total annual rainfall is 866 mm most of it occurring in autumn
and in winter. Dry period is from June to August (95 mm of total
rainfall in this period) (mean value for the years 2006–2014). During the study period (March-July 2015) Tmin of the coldest month
(March) was 7.7 ± 1.3 ◦ C and Tmax of the hottest month (July) was
33.9 ± 1.3 ◦ C associated to a total rainfall of 3 mm (data from Meteorological Station, Lanciani street, Rome, SIARL, Arsial, for the period
2006–2015).
2.2. Experimentally imposed water stress
At the beginning of March 2015 (i.e. at the time of leaf emergence) saplings were transferred in a greenhouse and randomly
subjected to three different water regimes. In particular, twenty
saplings were maintained at 100% of ﬁeld capacity and, thus, considered as well-watered saplings (WW), twenty saplings were
subjected to a moderate water stress (MS) and maintained at 50% of
the ﬁeld capacity, and twenty saplings to a severe-water stress (SS)
and maintained at 25% of the ﬁeld capacity. During this time all pots
were daily weighted to evaluate the water loss. The imposed water
stress experiment was carried out from July 6th to July 13th. All
saplings were irrigated regularly according to the type of treatment
until July 6th when the experiment started. A complete randomized
design with ten replicates per treatment was established. In particular, ten replicates of each treatment were used as control (WWC ,
MSC and SSC ) and irrigated and ten replicates were subjected to
water stress (WWS , MSS and SSS ). The water stress treatment was
induced by withholding the irrigation until stomatal conductance
was below 0.05 mol m−2 s−1 which was indicative of a severe water
stress condition (Medrano et al., 2002). Thus, the last day of the
experiment (dayL ) was marked as the ﬁrst day with gs value below
0.05 mol m−2 s−1 . In the glasshouse microclimate measurements
were carried over the study period. In particular, air temperature
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Fig. 1. Trend of A) air temperature (Ta , ◦ C) and air humidity (Rh, %), B) photosynthetic photon ﬂux density (PPFD, mol photons m−2 s−1 ) and vapor pressure deﬁcit (VPD,
kPa) at the time of gas exchange (8.00-10.00 a.m.) during the measurements days.

(Ta , ◦ C) and relative humidity (Rh, %) were recorded at 5 min intervals by HOBO data loggers (H08-003-02, Onset HOBO Data Loggers,
Cape Cod, MA); the photosynthetic photon ﬂux density (PPFD, mol
photons m−2 s−1 ) was recorded at 5 min interval by Sunshine Sensor BF3 (Delta-T Device, UK). Calculation of the vapor pressure
deﬁcit (VPD, KPa) was made using the equation derived by Grantz
(1990).
Over the entire period, Ta ranged between 16.3 ◦ C to 31 ◦ C, Rh
from 35% to 65%, PPFD from 1100 to 1600 mol (photon) m−2 s−1
and VPD from 0.64 to 2.2 KPa.

2.3. Gas exchange and chlorophyll ﬂuorescence
During the water stress experiment gas exchange and chlorophyll ﬂuorescence measurements were carried out in the morning
(8.00–10.00a.m.) on ten fully expanded leaves per each treatment.
Gas exchange measurements were carried out by an infrared
gas analyzer (LCPro+, ADC, UK), equipped with a leaf chamber (PLC,
Parkinson Leaf Chamber). Environmental controls within the leaf

chamber were maintained to match the outdoor environmental
conditions (Ow et al., 2008). Net assimilation rate [AN , mol (CO2 )
m−2 s−1 ], stomatal conductance [gs , mol (H2 O) m−2 s−1 ], transpiration rate [E, mmol (H2 O) m−2 s−1 ], photosynthetic photon ﬂux
density [PPFD, mol (photons) m−2 s−1 ] and sub-stomatal CO2
concentration (Ci , ppm) were measured. The intrinsic water use
efﬁciency [iWUE, mol (CO2 ) mol (H2 O)−1 ] was calculated as the
ratio between net photosynthetic rates and stomatal conductance.
Leaf respiration in darkness [RD , mol (CO2 ) m−2 s−1 ] was measured as CO2 efﬂux on each sampling occasion on the same leaves
used for AN measurements. These leaves were shaded during the
daylight hours with black paper for 30 min prior to each measurement, to avoid transient posts − illumination bursts of CO2 (Cai
et al., 2005). The ratio between RD and AN was calculated (Chu
et al., 2011). Chlorophyll ﬂuorescence measurements including
maximum PSII photochemical efﬁciency (Fv /FM ), actual quantum
yield of photosynthesis of light-adapted leaves (PSII ) and electron
transportation rate (ETR) were carried out by a portable modulated
ﬂuorometer (OS5p, Opti-Sciences, USA) on fully expanded leaves.
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For measurements of Fv /FM , leaves were ﬁrst dark-adapted for
30 min by leaf clips then a saturating pulse was applied to measure
initial (F0 ) and maximum (FM ) ﬂuorescence.
FV /FM was estimated as:
FV /FM = (FM − F0 )/FM .
PSII was calculated on light-adapted leaves, according to Genty
et al. (1989) as:
PSII = (FM − FS )/FM
where FM’ was the maximum ﬂuorescence obtained with a lightsaturating pulse (∼8000 mol m−2 s−1 ) and Fs was the steady-state
ﬂuorescence of illuminated leaves (1600 mol m−2 s−1 ).
ETR (mol e- m−2 s−1 ) was calculated according to Krall and
Edwards (1992) as:
ETR = (PSII ) × PPFD × 0.5 × 0.84
The ratio of ETR and AN was calculated according to Flexas et al.
(2002) and used as an indicator of electron transport to acceptors
different to CO2 , of which O2 is the most important (i.e. photorespiration) (Flexas et al., 1999).
2.4. Leaf water status
Predawn leaf water potentials (pd, MPa) were measured on ten
leaves per treatment for both control and stressed saplings in each
days of the experiment.  was measured by a pressure chamber
(SKPM 1400 Skye Instruments, UK). The relative water content at
predawn (RWCpd , %) was determined on the same leaves used for
 measurements as:
(FM − DM)/(TM − DM) × 100
where FM was the fresh mass, DM the dry mass and TM the leaf
mass after rehydration until saturation at 5 ◦ C in the darkness.
2.5. Photosynthetic pigments
Chlorophyll (Chl, mg g−1 ) content and carotenoid (Car, mg g−1 )
content were measured for each treatment at the beginning (day
0) and at the end (dayL ) of the imposed water stress experiment
after grinding leaves in acetone (1.5 g of leaf fresh mass per each
replicate, n = 8). The homogenates were centrifuged in a refrigerated centrifuge (4237R. A.L.C., I). Absorbance of the supernatants
was measured by a Jasco model 7800LCD (Japan) spectrophotometer at the wavelengths of 645, 663, and 440 m for Chl a, Chl b,
and Car, respectively. Chl content was determined according to
Maclachlan and Zalik (1963) and Car content according to Holm
(1954). Total Chl content (Chla+b ), Chla /Chlb ratio and Car/Chla+b
ratio were calculated.
2.6. Leaf morphology and anatomy
Anatomical and morphological leaf measurements were performed on twenty mature leaves from each treatment and collected
at the end of June 2015. The following parameters were measured: projected fresh leaf surface area (LA, cm2 ), excluding petioles
[Image Analysis System (Delta-T Devices, UK)]; leaf dry mass (DM,
mg) [drying leaves at 80 ◦ C to constant mass]. Leaf mass per unit of
leaf area (LMA, mg cm−2 ) was calculated. Leaf tissue density (LTD,
mg cm−3 ) was calculated by the ratio of LMA and leaf thickness. Leaf

Fig. 2. Trend of A) net assimilation rates (AN ), B) leaf dark respiration to net
assimilation rates ratio (RD /AN ) C) stomatal conductance (gs ), D) transpiration
rates (E) during the course of the experiment. WWC = control well-watered
saplings; WWS = stressed well-watered saplings; MSC = control moderate waterstress saplings; MSS = stressed moderate water-stress saplings; SSC = control
severe-water stress saplings; SSS = stressed severe-water stress saplings. Each point

is the mean (±S.E.) of ten replicates. Lowercase letters indicate the differences within
each treatment across the days of the experiment; capital letters indicate differences
within each day across treatments. Different letters indicates signiﬁcant differences
(ANOVA, P ≤ 0.05).
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thickness was measured by leaf sections from fresh of the selected
saplings and measured using a light microscope.
Stomatal density (SD, n◦ mm−2 ) was determined from nail varnish impressions of the abaxial lamina. The numbers of stomata
were counted on separate impressions of the lamina (each of
0.5 × 1.0 cm). Stomatal area index (SAI) was calculated by taking the
product of the mean stomatal length and SD according to Ashton
and Berlyn (1994).
2.7. Statistical analysis
In order to investigate the effects of water stress on the considered variables in hazelnut saplings, data were analyzed by the
variance analysis (ANOVA). Inter- and intra-treatment differences
were considered signiﬁcant at P < 0.05 according to Tuckey test. All
data were shown as mean ± standard error (±S.E.). All the statistic
tests were performed by a statistical software package (Statistica
8.0, Stasoft, USA).
Regression analysis was carried out to evaluate the relationship
between gs and pd , ETR/AN and gs and AN and gs . Moreover, in
order to obtain information about the osmotic adjustment capacities of saplings a regression analysis between RWCpd and pd for
both control (WWC , MSC and SSC ) and stressed (WWS , MSS and SSS )
saplings were carried out according to González et al. (2008).
A principal component analysis (PCA) was carried out in order
to summarize the considered anatomical (SD and SAI), morphological (LMA and LTD) and physiological (AN , E, gs , iWUE, RD /AN ,
ETR/AN , Fv /FM , PSII , RWCpd , pd , Chla+b , Chla/b , Car/Chl) leaf traits
into major components which explained their variation in the control and stressed treatments. In particular, for the physiological
variables, the mean values of all the days of the experiment were
used for the control saplings (WWC , MSC and SSC ), while the values
monitored at dayL were used for the stressed saplings (WWS , MSS
and SSS ).
3. Results
3.1. Gas exchange and chlorophyll ﬂuorescence
Values of Ta , Rh, PPFD and VPD monitored during gas exchange
measurements are shown in Fig. 1. The trend of AN , RD /AN, gs
and E of control and stressed saplings during the experiment for
each treatment is shown in Fig. 2. In particular, gs , E, AN and
RD /AN in control saplings show a fairly constant trend during the
experiment (0.136 ± 0.005 mol m−2 s−1 , 3.58 ± 0.03 mmol m−2 s−1 ,
8.00 ± 0.04 mol m−2 s−1 and 0.13 ± 0.01, respectively, mean value
of WWC , MSC , SSC during the experiment). As regards the stressed
sapling, dayL occurred at 4 days in WWS , at 6 days in MSS and at
7 days in SSS . Moreover, signiﬁcant AN , gs , E and RD /AN (P < 0.05)
variations were observed among the stressed treatments during
the experiment. At day 1, AN decreased over 50% in WWS and MSS
and 40% in SSS , compared to the control saplings. At the dayL , AN
was 60%, 74% and 71% lower in WWS , MSS , SSS , respectively, compared to the control saplings. At dayL RD /AN was more than double
higher in WWS , MSS , SSS compared to control saplings. At day 1 gs
decreased 50%, 31% and 47% in WWS , MSS , SSS , respectively, than
the control saplings, and E was 30%, 22% and 35% lower in WWS ,
MSS , SSS , respectively, compared to the control saplings.
Trends of Fv /FM , PSII and ETR/AN for control and stressed
saplings for each treatment during the experiment are shown in
Fig. 3. In particular, in control saplings a fairly constant trend during
the experiment was observed in Fv /FM , PSII and ETR/AN during the
course of the experiment (0.690 ± 0.018, 0.656 ± 0.025, 20.3 ± 0.4,
respectively, mean value of WWC , MSC , SSC for all the days of the
experiment). With regard the stressed saplings, FV /FM showed a

Fig. 3. Trend of A) maximum PSII photochemical efﬁciency (FV /FM ) B) quantum
yield of photosynthesis of light-adapted leaves (PSII ) C) ratio between electron transport rates and net assimilation rates (ETR/AN ) during the course of the
experiment. WWC = control well-watered saplings; WWS = stressed well-watered
saplings; MSC = control moderate water-stress saplings; MSS = stressed moderate
water-stress saplings; SSC = control severe-water stress saplings; SSS = stressed
severe-water stress saplings. Each point is the mean (±S.E.) of ten replicates. Lowercase letters indicate the differences within each treatment across the days of the
experiment; capital letters indicate differences within each day across treatments.
Different letters indicate signiﬁcant differences (ANOVA, P ≤ 0.05).

slightly variation ranging from 0.63 ± 0.01 (mean value of all the
days of the experiment) in MSS to 0.69 ± 0.02 (mean value) in SSS .
The PSII values decreased by 52%, 55% and 35% in WWS , MSS , SSS ,
respectively, from the day 0 to the dayL resulting 57%, 59% and 54%
lower than the respective control saplings. The ratio ETR/AN significantly increased from day 0 to dayL in all the treatments (by 34% in
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Fig. 4. Values of A) relative water content at pre-down (RWCpd , %) and B) leaf water potential at pre-down (pd , MPa) during the course of the experiment. WWS = stressed
well-watered saplings; MSS = stressed moderate water-stress saplings; SSS = stressed severe-water stress saplings. Mean values ± S.E. are shown (n = 10). Lowercase letters
indicate the differences within each treatment across the days of the experiment; capital letters indicate differences within each day across treatments. Different letters
indicate signiﬁcant differences (ANOVA, P ≤ 0.05). For the control saplings of each treatment the mean values of RWCpd and pd during the course of the experiment are
shown.
Table 1
Total chlorophyll content (Chla+b , mg g−1 ), chlorophyll a to chlorophyll b ratio (Chla/b ) and carotenoid content to total chlorophyll content ratio (Car/Chl) in the ﬁrst day (day
0) and in the last day of the experiment (dayL ) for control and stressed well-watered saplings (WWC and WWS , respectively), control and stressed moderate-water stressed
saplings (MSC and MSS , respectively) and control and stressed severe-stressed saplings (SSC and SSS , respectively). Mean values ± S.E. are shown (n = 8). Signiﬁcant differences
between day 0 and dayL for each treatment are indicated by different letters (ANOVA, P < 0.05).
Chl a+b (mg g−1 )

WWC
WWS
MSC
MSS
SSC
SSS

Chl a/b

Car/Chl

day 0

dayL

day 0

dayL

day 0

dayL

1.05 ± 0.02a
0.87 ± 0.05a
0.58 ± 0.01a
0.56 ± 0.01a
0.60 ± 0.03a
0.57 ± 0.02a

1.08 ± 0.02a
0.51 ± 0.02b
0.60 ± 0.02a
0.44 ± 0.01b
0.61 ± 0.02a
0.52 ± 0.02a

3.52 ± 0.12a
4.19 ± 0.30a
2.95 ± 0.02a
2.99 ± 0.07a
2.90 ± 0.02a
2.95 ± 0.09a

3.45 ± 0.15a
3.75 ± 0.20a
2.98 ± 0.02a
2.96 ± 0.11a
2.93 ± 0.03a
3.81 ± 0.37b

0.20 ± 0.08a
0.24 ± 0.01a
0.34 ± 0.03a
0.35 ± 0.01a
0.35 ± 0.02a
0.36 ± 0.02a

0.21 ± 0.09a
0.37 ± 0.02b
0.33 ± 0.02a
0.38 ± 0.02a
0.34 ± 0.03a
0.39 ± 0.02a

WWS and more than 100% in SSS ) resulting more than 100% higher
compared to the controls saplings in the three treatments.
3.2. Leaf water status
Values of RWCpd and pd of control and stressed saplings
for each treatment are shown in Fig. 4. The RWCpd and pd ,
values of control saplings for each treatment did not have signiﬁcant variations during the experiment, resulting 94.1 ± 0.19%
and −1.93 ± 0.04 MPa, respectively, in WWC, 93.7 ± 0.52% and
−1.98 ± 0.20 MPa in MSC and 93.7 ± 0.21% and −2.21 ± 0.05 MPa in
SSC . The RWCpd of stressed sampling decreased by 5%, 9% and 10%
in WWS , MSS , SSS , respectively, from day 0 to the dayL resulting 6%,
12% and 13% lower compared to the control saplings. At the dayL of
the experiment pd was −2.58 ± 0.07 MPa, −2.28 ± 0.13 MPa and
−2.69 ± 0.13 MPa in WWS , MSS , SSS , respectively.
A signiﬁcant correlation (P < 0.05) was found between pd and
gs for the three treatments under water stress conditions (Fig. 5).
3.3. Photosynthetic pigments
Total chlorophyll content, the ratio of chlorophyll a to chlorophyll b and the ratio of carotenoid to total chlorophyll content in
control and stressed saplings are shown in Table 1. In particular,
control saplings did not signiﬁcantly differ between day 0 and dayL .
Chla+b content was 78% higher (mean value) in WWC compared
to MSC and SSC . On the contrary, Car/Chl was 67% higher (mean

value) in MSC and SSC compared to WWC . In stressed saplings Chla+b
decreased from day 0 to dayL by 41%, 21% and 9% in WWS , MSS
and SSS , respectively, while Car/Chl increased by 54%, 9% and 8% in
WWS , MSS and SSS , respectively.
3.4. Leaf morphology and anatomy
Morphological leaf traits of WW, MS and SS are shown in Table 2.
In particular, LA was 47% and 50% lower in MS and SS, respectively,
compared to WW. On the contrary, LMA was 6% and 25% higher in
MS and SS, respectively, compared to WW as well as LTD was 18%
and 54% higher in MS and SS, respectively, compared to WW. Stomatal density and SAI signiﬁcantly differed among the treatments,
SD was 206 ± 11 mm−2 , 151 ± 6 mm−2 and 117 ± 3 mm−2 in WW,
MS and SS, respectively associated to a SAI of 5.3 ± 0.2, 4.1 ± 0.2 and
2.7 ± 0.2, respectively.
3.5. Statistical analysis
The results of the correlation analysis are shown in Table 3. The
results of the correlation analysis between RWCpd and pd underlined that these variables were inter-related by a linear regression
mainly under water-stress conditions. In particular, for the control
saplings a signiﬁcant correlations were found in WWC and MSC
(P < 0.05 and P < 0.001, respectively) however it resulted not signiﬁcant in SSC (P > 0.05), while under the water stress conditions
they became even stronger in all the treatment but mainly in MSS
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Fig. 5. Regression analysis between stomatal conductance (gs ) and leaf water potential at pre-down (pd ). Data for each experimental day along the experiment for each
treatment under water stress are included (WWS = stressed well-water saplings; MSS = stressed moderate-water stress saplings; SSS = stressed severe-water stress saplings).
Regression equation, determination coefﬁcient (R2 ) and signiﬁcance level (P) are shown.

Table 2
Leaf area (LA, cm2 ), leaf mass per area (LMA, mg cm−2 ) and leaf tissue density (LTD, mg cm−3 ) in the three different water regimes (WW = well-watered saplings; MS = moderatestressed saplings; SS = severe-stressed saplings). Mean values ± S.E. are shown (n = 20). Inter-treatments signiﬁcant differences are indicated by different letters (ANOVA,
P < 0.05).

WW
MS
SS

LA
cm2

LMA
mg cm−2

LTD
mg cm−3

62 ± 1a
33 ± 2b
31 ± 2b

5.3 ± 0.1a
5.6 ± 0.2a
6.6 ± 0.3b

417 ± 13a
492 ± 32a
643 ± 25b

Table 3
Regression analysis between relative water content at pre-dawn (RWCpd ) and leaf water potential at pre-dawn (pd ), between net photosynthetic rates (AN ) and stomatal
conductance (gs ) and between the ratio of the electron transport rates and net photosynthetic rates (ETR/AN ) and stomatal conductance (gs ). Regression analysis equation,
determination coefﬁcient (R2 ) and P level are shown. Data for control and stressed well-watered saplings (WWC and WWS , respectively), control and stressed moderate-water
stressed saplings (MSC and MSS , respectively) and control and stressed severe-stressed saplings (SSC and SSS , respectively).

WWS
WWC
MSS
MSC
SSS
SSC
WWS
MSS
SSS
WWS
MSS
SSS

RWCpd vs pd
RWCpd vs pd
RWCpd vs pd
RWCpd vs pd
RWCpd vs pd
RWCpd vs pd
AN vs gs
AN vs gs
AN vs gs
ETR/AN vs gs
ETR/AN vs gs
ETR/AN vs gs

Regression equation

R2

P

y = 4.8933x + 100.42
y = 4.2112x + 102.03
y = 12.0220x + 110.19
y = 5.9937x + 105.53
y = 7.0848x + 104.26
y = −1.7063x + 89.99
y = 54.1420x + 0.87
y = 50.5540x + 0.19
y = 44.1700x + 1.22
y = −221.0500x + 70.38
y = −333.9500x + 80.69
y = −461.1400x + 90.04

0.1948
0.1700
0.4409
0.1405
0.2689
0.0246
0.7955
0.6706
0.8008
0.1330
0.4535
0.4281

<0.05
<0.05
<0.0001
<0.001
<0.0001
>0.05
<0.0001
<0.0001
<0.0001
<0.05
<0.0001
<0.0001

and SSS ones (P < 0.05, P < 0.0001 and P < 0.00001 for WWS , MSS and
SSS , respectively). Moreover, under water-stress conditions MSS
and SSS showed the highest slope (12.02 and 7.08, respectively)
compared to WWS (4.89) suggesting a greatest osmotic adjustment
capacities.

The PCA highlighted that the ﬁrst two principal components
accounted for 75% of the total variance. The ﬁrst component
explained 48% of the total variance and it was positively related to E
(r = 0.89), gs (r = 0.90), AN (r = 0.94), PSII (r = 0.92), RWCpd (r = 0.91),
pd (r = 0.82) and Chla+b (r = 0.78) and negatively related to ETR/AN
(r = −0.93), RD /AN (r = −0.91) and Car/Chl . (r = −0.79). The second
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Fig. 6. Principal component analysis (PCA) carried out using anatomical (SD and SAI), morphological (LMA and LTD) and physiological (AN , E, gs , iWUE, RD /AN , ETR/AN , Fv/FM ,
PSII , RWCpd , pd , Chl a + b, Chl a/b; Car/Chl) variables for both control and stressed saplings. The 1st factor, accounting for 48% of the total variance, was positively related
to E, gs , AN , PSII , RWCpd , pd and Chla+b and negatively related to ETR/AN , RD /AN and Car/Chl. The 2nd factor explained 27% of the total variance and it was positively
correlated to LMA and LTD and negatively to LA, SD and SAI. WWC and WWS = control and stressed well-watered saplings, respectively; MSC and MSS = control and stressed
moderate-water stressed saplings, respectively; SSC and SSS = control and stressed severe-stressed saplings, respectively.

component explained 27% of the total variance and it was correlated to LMA and LTD (r = 0.79 and 0.89, respectively) and to LA,
SD and SAI (r = −0.84, −0.91 and −0.87, respectively). According
to these results, a clear pattern of separation for the considered
treatments was observed (Fig. 6) with WWC , MSC and SSC showing
the highest values along the ﬁrst component, and among these SSC
showed the highest value along the 2st factor and WWC the lowest one. With regards to the stressed treatments, they showed the
lowest values along the 1st factor and among these WWS showed
the lowest values along the 2st factor and SSS the highest one.

4. Discussion
On the whole, the results show that the three water regimes
determine signiﬁcant differences in hazelnut saplings at a morphological and anatomical level. In particular, SS and MS leaves
have a 48% (mean value) lower LA than WW leaves, conﬁrming that
water availability plays a primary role in modifying leaf structure
(Guerfel et al., 2009). This can be considered an avoidance mechanism by minimizing water loss through transpiration, according
to Blum (1997) as well as an increased LMA (by 15%, mean value)
due to an increased density (i.e. higher LTD) according to Centritto
(2002). A higher LMA and LTD concur in water stress resistance
due to a greater resistance to physical damage driven by desiccation (Mediavilla et al., 2001). Moreover, at anatomical level the
lower stomatal density and size (expressed by the lower SAI) in
SS and MS in respect to WW can be considered a mechanism for
decreasing water loss through stomata, according to the results of
Nautiyal et al. (1994) and Bañon et al. (2006). Overall, both LMA
and stomatal density are key traits in regulating leaf water and
carbon ﬂuxes (Hetherington and Woodward, 2003; Wright et al.,
2004). Nevertheless, the observed differences at the morphological and anatomical levels in the three treatments do not result
in signiﬁcant differences at the physiological level. This suggests

acclimation to a water deﬁcit that allows the saplings to have the
same photosynthetic activity, supported by a low pd in MS and
SS saplings which may help to maintain the plant water status
under water deﬁcit conditions (Monneveux and Belhassen, 1996).
However, differences became signiﬁcant when water stress was
imposed. The ﬁrst difference concerns the length of the experiment
which resulted in four days for WWS , six days for MSS and seven
days for SSS . Thus, this result highlights that leaves developing
under the lower water regimes have evolved a series of physiological adaptations that allow them to cope better with water stress. For
instance, a rapid stomatal response may act as a water stress resistance mechanism (Yordanov et al., 2003). The regression analysis
between gs and pd provides a method to estimate the degree of
stomatal control (Jones, 1974; Higgs and Jones 1990, 1991) and can
be used to determine the plant’s response to water deﬁcits (Lakso,
1979; Ludlow, 1980). Therefore, the results of the regression analysis between gs and pd show an improvement when adjusted to a
second order correlation rather than a linear one for all the stressed
treatments, and particularly in SSS saplings. This result suggests
that a small variation in pd induce a tight stomatal closure, so
the saplings water status can be maintained within a narrow range
according to the results of Medrano et al. (2003) for grapevines.
Overall the three treatments show a stomatal control in the AN
decrease during the imposed water stress which is conﬁrmed by an
18% iWUE increase (mean value), according to the results of Flexas
et al. (2002), and the narrow range of iWUE variations, in spite of
the more signiﬁcant effects on AN and gs suggests a co-regulation of
stomatal aperture and the photosynthetic activity (Medrano et al.,
2003).
In addition to the higher stomatal control, MSS and SSS saplings
show a leaf osmotic adjustment capacity, according to the results
of Pisetta (2011) for the same species. Osmotic adjustment refers
to the water potential reduction due to the net accumulation of
solutes as a response to water deﬁcit (Nayyar and Walia, 2004)
that, maintaining a higher turgor potential limits the effects of
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water stress on the opening of stomata and assimilation rates
(González et al., 2008). Thus, leaf osmotic adjustments allow a
higher RWC at low  and are considered one of the physiological mechanisms related to drought hardening (Bañon et al., 2006).
The results of the regression analysis show that RWCpd and pd
are signiﬁcantly inter-related mainly in MSS and SSS , suggesting
that osmotic adjustments sustain the turgor maintenance in moderate and severe drought and increase resistance to water stress.
This result may be further conﬁrmed by the analysis of this correlation in the control saplings which results very similar in WWC and
WWS , and becomes stronger in MSS , but especially in SSS , compared
to their respective controls. Moreover, according to the results of
González et al. (2008) the slope of the regression line is indicative
of the osmotic adjustment capacities. According to this result, the
highest slope in MSS and SSS saplings conﬁrms their greater degree
of osmotic adjustment under water stress conditions.
In addition, the maintenance of a higher RD in SSS and MSS
rather than in WWS during the experiment, results in a 33% higher
RD /AN than in WWS and a more than 100% higher RD /AN compared to the respective control saplings. The ability to maintain
a high respiration metabolism as a source of energy to the cell
when photosynthesis is low allows plants to survive under water
stress conditions, according to the results of Varone and Gratani
(2015). In fact, Atkin and Macherel (2009) suggest that, due to the
mitochondrion-chloroplast interplay, mitochondria play a major
role in supporting the chloroplast functions. Thus, plant survival
under water-stress conditions depends on the re-organization
of the leaf mitochondrial metabolism in order to cope with the
photo-respiratory ﬂux as well as with the reduction of the net
photosynthetic rates. Moreover, leaf mitochondria might play an
important role in supplying chloroplasts with ATP under water
stress conditions (Keck and Boyer, 1974). The mitochondrial ATP
can partially compensate for the impairment of chloroplast photophosphorylation under water stress and such cooperation would
be crucial to allow photo-respiratory ﬂux (Atkin and Macherel,
2009). Further evidence of this can be found in the ETR/AN trend
which shows a signiﬁcant increase with a gs decrease in all the
stressed saplings, but reaching the highest values in MSS and SSS in
the last day of the experiment (82 ± 4 and 93 ± 10, respectively).
This conﬁrms an increased photorespiration to photosynthesis
ratio with the photorespiration that progressively replaced photosynthesis as an electron-consuming process (Flexas et al., 2002). In
addition, the negative correlation between ETR/AN and gs highlights
the photorespiration increase as stomata close being a direct consequence of the raised O2 /CO2 ratio inside the chloroplasts (Flexas
et al., 2002). Considering the protective role played by photorespiration toward the photosynthetic apparatus from photo-inhibition
(Park et al., 1996), the higher ETR/AN can be considered a further
mechanism aimed at reducing the risk of photo-inhibition which
then co-occurs in the set of adaptations to improve the capacity to
cope better with water stress in MSS and SSS .
A positive correlation between AN and gs is shown in all the
water stressed treatments (R2 = 0.79; 0.67 and 0.80 in WWS , MSS
and SSS , respectively). Nevertheless, this does not necessarily mean
that AN is exclusively under the gs control. In fact the reduced AN
during water stress conditions can also be attributed to the impairment of the primary photosynthetic machinery. In this respect,
the chlorophyll ﬂuorescence parameters, frequently used to estimate damage to the photosynthetic system, mainly refer to the
PSII functioning and electron transfer from PSII to PSI (Riccardi
et al., 2016). In particular, FV /FM provides a measure of the rate
of linear electron transport, hence, an indication of the photosynthetic capacity (Balouchi, 2010). In this experiment, FV /FM seem to
be less affected by water stress in all three treatments suggesting
that photo-inhibition is not a major factor in water stress-induced
photosynthesis depression in hazelnut (Flexas et al., 1998). On

the contrary, a larger decrease is observed for PSII in all the
stressed saplings (by 48%, mean value), and SSS and MSS show
from the beginning to the end of the experiment a lower PSII
(0.37 ± 0.02, mean value SSS and MSS ) than WWS (0.47 ± 0.16). It
is known that the PSII efﬁciency decrease is regulatory, serving
a photo-protective role, and an increased level of energy dissipation which results in a lower PSII , may help to protect PSII from
over-excitation and photo-damage (Schindler and Lichtenthaler,
1996). Thus, this result suggests that SSS and MSS evolved an adaptation at the PSII level which confers a greater capacity to face
with water stress. Besides this, SS and MS saplings show a lower
Chla+b content and Chl a/b ratio associated to a higher Car/Chl,
in respect to WW. This contribute to survive under water stress
conditions because on one hand the chlorophyll loss by reducing
the amount of photons absorbed by leaves leads to an enhanced
photo-protective and antioxidant capacity of leaves per amount of
photons absorbed (Khoyerdi et al., 2016). Moreover, one the other
hand the carotenoids act as auxiliary pigments and an effective
antioxidant which protect and stabilize the photochemical processes under drought conditions (Khoyerdi et al., 2016).
The above results are conﬁrmed by the PCA which shows that
the physiological leaf traits explains 48% of the total variance
observed among the control and stressed treatments. In particular, the stressed treatments completely separated along the
ﬁrst component from the control ones mainly for what concerns
the physiological traits involved in the mechanism able to confer a greater resistance to water stress (i.e. RD /AN , ETR/AN and
Car/Chla+b ).
5. Conclusion
Our overall results suggest that a lower water supply during
leaf development induce a series of morphological, anatomical and
physiological adaptations (i.e. a higher LMA, a lower SAI, a higher
RD , an improved photo-protection mechanism, a higher capacity
to dissipate the excess of excitation energy and a higher osmotic
adjustment capacity) giving to SS and MS saplings a greater capacity to cope with water stress. These mechanisms can confer a
better performance when drought pre-conditioned saplings and
seedlings are transplanted into a ﬁeld, according to Bañon et al.
(2006) and Varone et al. (2012). In order to support this hypothesis, future experiments are needed. Moreover, these saplings are
able to give the same photosynthetic activity in no-stressed conditions, despite the different anatomical and morphological leaf
traits, suggesting a form of acclimation during leaf development.
Taking into account that in some areas of the Mediterranean basin
supplemental irrigation in hazelnut orchard is required and that the
ground water supplies are declining while the energy cost of irrigation are increasing, this study provides important ﬁndings from
an agricultural point of view since this knowledges will help irrigation decisions about the water regimes supply to hazelnut saplings
grown in nurseries before the transplantation into the orchards.
In particular, based on our results, we can suggest for hazelnut
saplings of two-year old a water amount ranged between half and
a quarter of the ﬁeld capacity of the pots. Moreover, it can be also
suggested that this water amount should be supplied just at time
of leaf emergence and through the entire leaf development. In fact,
the applied water deﬁcit treatments may be valuable for hazelnut
saplings in order to improve their subsequent resistance to drought.
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