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Abstract 
 
Morphological, anatomical, and physiological leaf traits of Corylus avellana plants growing in different light conditions 
within the natural reserve “Siro Negri” (Italy) were analyzed. The results highlighted the capability of C. avellana to grow 
both in sun and shade conditions throughout several adaptations at leaf level. In particular, the more than 100% higher 
specific leaf area in shade is associated to a 44% lower palisade to spongy parenchyma thickness ratio compared with that 
in sun. Moreover, the chlorophyll (Chl) a to Chl b ratio decreased in response to the 97% decrease in photosynthetic 
photon flux density. The results highlighted the decrease in the ratio of Chl to carotenoid content, the maximum PSII 
photochemical efficiency, and the actual PSII photochemical efficiency (ΦPSII) associated with the increase in the ratio of 
photorespiration to net photosynthesis (PN) in sun. Chl a/b ratio was the most significant variable explaining PN variations 
in shade. In sun, PN was most influenced by the ratio between the fraction of electron transport rate (ETR) used for CO2 
assimilation and ETR used for photorespiration, by ΦPSII, nitrogen content per leaf area, and by total Chl content per leaf 
area. The high phenotypic plasticity of C. avellana (PI = 0.33) shows its responsiveness to light variations. In particular, 
a greater plasticity of morphological (PIm = 0.41) than of physiological (PIp = 0.36) and anatomical traits (PIa = 0.24) 
attests to the shade tolerance of the species.  
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Introduction  
 
The environment can induce changes in the individual's 
behavior and such changes may be crucial to survival in 
heterogeneous and variable conditions (Pintado et al. 
1997, Sultan 2000, Gratani et al. 2003, Zunzunegui et al. 
2011). Phenotypic plasticity can be considered as the 
ability of an organism to express different phenotypes by 
altering plant traits in response to changes in the 

environmental conditions (Schlichting 1986). Since 
phenotypic plasticity influences environmental tolerance, 
the plant plastic responses may contribute to differences in 
the range of environments that species inhabit (Ackerly et 
al. 2000). Nevertheless, physiological and morphological 
plasticity may have a different role in plant adaption. In 
particular, physiological plasticity is more linked to an  
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enhanced capacity to colonize gaps and open areas 
(Niinemets and Valladares 2004) because it ensures 
instantaneous gas-exchange adjustments to stress factors 
(Zunzunegui et al. 2009). Moreover, a high physiological 
plasticity increases plant capability to colonize early 
successional habitats (Walters and Reich 1999). On the 
contrary, morphological plasticity is more linked to an 
enhanced capacity to survive and grow in forest understory 
(Valladares et al. 2002). A high degree of morphological 
plasticity is a part of the mechanism of resource acquisition 
(i.e. larger leaf area) in low-light environments (Navas and 
Garnier 2002, Herr-Turoff and Zedler 2007). Exploring 
morphological and physiological leaf traits in response to 
high and low light provides new insights into plant 
acclimation to contrasting light environments (Duan et al. 
2005). In this context, the analysis of plasticity to shaded 
vs. open conditions provides an excellent system to 
examine plastic responses to specific environmental cues 
(Dorn et al. 2000).  

Species with extensive geographical range show large 
intraspecific variations in physiology, morphology, and 
phenology and may be considered good models for the 
study of local and regional adaptations (Soolanaya-
kanahally et al. 2009). Therefore, it is important to 
increase knowledge concerning phenotypic plasticity of 
species having an economic interest in order to obtain 
concrete baseline information on which base management 
raises productivity and yield.  

The genus Corylus contains eleven recognized species 
disjunctly distributed in the Northern Hemisphere 
(Whitcher and Wen 2001). Among them, C. avellana is 
one of the world major nut crops (Boccacci et al. 2008) 
with world production totaling 888,328 Mt in 2010 
(FAOSTAT 2012). This species is selected for large 
kernels of high quality (Bassil et al. 2005), second in nut 
production after almond (Prunus amygdalus Batsch) 
(Shahidi et al. 2007). To date, Turkey is the major world 
producer of C. avellana (430,000 t of dry, in-shell nuts)  
 

accounting for about 71% of world production, followed 
by Italy (128,940 t), USA (34,927 t), Azerbaijan (32,922 t), 
and Georgia (31,100 t) (FAO Production Yearbook 2011). 
In particular, in Italy, 68,000 ha are invested in C. avellana 
cultivation (means 2007–2011, FAOSTAT 2013) of which 
98% of the producing surface is located in Campania 
(40%), Latium (33%), Piedmont (33%), and Sicily (14%) 
(Valentini et al. 2014). Several studies indicate that fat and 
mineral composition of C. avellana nut are affected by 
variety, geographical origin, climate, and methods of 
cultivation (Percerisa et al. 1995, Pershern et al. 1995). 
C. avellana has a wide geographical distribution in Europe 
in a large range of climates, from the Mediterranean coasts 
of North Africa northward to the British Islands and the 
Scandinavian Peninsula, and eastward to the Ural 
Mountains of Russia, Caucasus Mountains, Iran, and 
Lebanon (Kasapligil 1972). It is absent in Iceland, in some 
Mediterranean islands (Cyprus, Malta, and Baleari) and in 
northernmost and southernmost Europe (Kasapligil 1972). 
C. avellana grows on soils characterized by a pH from 
neutral to basic (Persson et al. 2004) and generally 
colonizes the understory of mixed deciduous forests 
(Pignatti 1982, Persson et al. 2004) being a shade-tolerant 
species (Kull and Niinemets1993, Gratani and Foti 1998). 
Nevertheless, it can grow also in full sunlight colonizing 
large gaps (Kull and Niinemets 1993, Niinemets et al. 
1998).  

In this context, the aim of the present research was to 
analyze morphological, anatomical, and physiological leaf 
trait variations of C. avellana plants growing in different 
light conditions within the Natural Reserve “Siro Negri”. 
Taking into account the importance of nut production from 
C. avellana in Italy, knowledge on phenotypic plasticity 
may be of interest in order to analyze the species adap-
tation to different environmental conditions considering 
the wider ecological implications of plasticity for 
distribution, spread and persistence of this species. 

Materials and methods 
 
Study area and plant material: The study was carried out 
in a broadleaf deciduous forest within the natural reserve 
“Siro Negri” (45°12'39́́''N; 09°03'26''E, 74 m a.s.l., Italy) 
in the period of April–November 2013. The reserve 
extending over 10 ha represents one of the best conserved 
relicts of the original alluvial forests which in the past 
largely covered the banks of the Ticino river, and where no 
logging was carried out since the establishment of the 
reserve in 1970 (Sartori 1984, Castagneri et. al. 2013). The 
reserve belongs to a Site of Community Importance (IT 
2080014, "Bosco Siro Negri and Moriano") which covers 
an area of 1,352 ha. 

The climate of the area was characterized by a mean 
annual rainfall of 672 mm, most of it falling in spring and 
autumn. The mean minimum air temperature (Tmin) of the 

coldest month (January) was –0.3 ± 1.7°C, the mean 
maximum air temperature (Tmax) of the hottest month 
(July) was 30.0 ± 1.3°C, and the mean annual temperature 
(Tm) was 13.7 ± 8.2°C. During the study period, total 
rainfall was 507 mm, Tm was 18.0 ± 5.6°C, and Tmax (July) 
was 28.4 ± 1.2°C (Lombardia Regional Agency for 
Environmental Protection, Meteorological Station of 
Pavia, Ponte Ticino SS35, data for the period 2002–2013). 
Floods occurred sporadically every 5–10 years during the 
last 40 years, with water levels up to 1.5 m height in the 
forest during exceptional events (Motta et al. 2009, 
Castagneri et al. 2013). On an average, groundwater level 
was around –4.5 m in winter, reaching –3.5 m in summer 
due to irrigation in the surrounding areas.  
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Five representative C. avellana plants growing in high-
light conditions, outside the forest (sun plants) and five 
plants growing in the understory of the forest (shade 
plants) were selected: 

 

Parameter Sun plants Shade plants 

Mean height [m] 3.0 ± 0.5 2.15 ± 1.20 
Basal diameter [cm] 4.7 ± 2.1 8.8 ± 1.9 
Crown volume [m3] 15.7 ± 2 3.1 ± 0.9 
Number of stumps  6 ± 2 7 ± 1 

 
Soil and microclimate measurements: Soil samples (500 
g each, three samples for each sun and shade conditions) 
were collected in the area of the selected plants at the 
beginning of November, at least 5 days after the last 
rainfall, by a hand auger at 40-cm depth. Soil analysis was 
performed according to Violante (2000): pH, soil water 
content (SWC), total soil nitrogen content (N), soil organic 
matter content (SOM), and soil organic carbon content (C) 
were determined. Soil samples were air-dried and then 
passed through a 2-mm sieve. The pH (in H2O) was 
measured by a glass electrode pH meter (Corning Model 
220 pH-meter, Labequip Ltd., Canada) on a 1:2.5 soil–
water suspension. N was determined by the Kjeldahl 
method, and C by the oxidation method using K2Cr2O7-
H2SO4 (Sims and Haby 1971). The ratio between carbon 
and nitrogen content (C/N) was calculated. SWC was 
determined on soil samples (500 g each) as fresh soil 
minus dry soil divided by dry soil, calculated after oven-
dried at 90ºC to a constant mass. 

Microclimate measurements were carried out monthly 
during the study period from 09.00 to 12.00 h, in the forest 
understory (shade) and in the open area (sun). In particular, 
the PPFD was measured by a quantum radiometer 
photometer (LI-185B, Licor, USA). Relative air humidity 
(RH) and air temperature (Ta) were measured by thermo-
hygrometer (HD8901, Delta Ohm, Italy). 

 

Morphological and anatomical measurements: Fully 
expanded leaves (n = 10 per each sun and shade plants) 
from the external medium portion of the crown of the 
considered plants were collected at the end of May. Leaf 
samples were sealed in plastic bags and transported 
immediately to the laboratory for measurements. Measure-
ments included leaf surface area (LA), obtained by the 
image analysis system (Delta-T Devices, UK) and leaf dry 
mass (DM), determined by drying leaves at 80°C to 
constant mass. The specific leaf area (SLA) was calculated 
by the ratio of LA and DM.  

Fresh leaf sections from fully expanded leaves (n = 5 
per each sun and shade plants) were hand cut and analyzed 
by light microscopy using an image analysis system 
(Axiovision AC software). The following parameters were 
measured: total leaf thickness (L), palisade and spongy 
parenchyma thickness, adaxial and abaxial epidermis, and 
cuticle thickness. All measurements were restricted to 
vein-free areas, according to Chabot and Chabot (1977).  

Gas-exchange measurements were carried out in the 
period of April–November 2013 (three leaves per each sun 
and shade plant). Leaves were retained in their natural 
position during measurements. Net photosynthetic rate 
(PN), stomatal conductance (gs), leaf transpiration (E), 
PPFD, leaf temperature (Tl), and substomatal CO2 concen-
tration (Ci) were measured by an infrared gas analyzer 
(LCA-Pro, ADC, UK) equipped with a leaf chamber (PLC, 
Parkinson Leaf Chamber, UK). Measurements were 
carried out on cloud-free days in the morning from 9.00 to 
12.00 h. In particular, measurements in sun were carried 
out when PPFD was ≥ 1,200 μmol(photon) m–2 s–1 to 
ensure that the maximum rates were measured (Hampson 
et al. 1996).  

On each sampling occasion, leaf respiration (RD) was 
measured after PN measurements (on the same leaves) as 
CO2 efflux by darkening the leaf chamber with a black 
paper, according to Cai et al. (2005) for 30 min prior to 
each measurement, to avoid the release of CO2 transient 
postirradiation bursts (Atkin et al. 1998). The shown RD 
and PN represented the mean values of three days of 
measurements per month characterized by the same 
weather conditions. The ratio between RD and PN was 
calculated. 

 
Chl fluorescence and mesophyll conductance: Chl 
fluorescence measurements were carried out by a portable 
modulated fluorometer (OS5p, Opti-Sciences, USA). 
Maximum PSII photochemical efficiency (Fv/Fm) was 
estimated by darkening leaves (three leaves per each sun 
and shade plants) for 20 min, then a saturating pulse was 
applied to measure initial (F0) and maximum (Fm) fluores-
cence. Fv/Fm was estimated as: (Fm – F0)/Fm. 

Additional gas-exchange and Chl fluorescence mea-
surements were made on leaves (three leaves per each sun 
and shade plant) comparable to those previously used in 
order to estimate mesophyll conductance (gm). The gm was 
calculated according to Harley et al. (1992) by a single-
point method which combines gas-exchange and Chl a 
fluorescence measurements, as:  

gm = PN/{Ci – [Γ* × [ETR + 8 × (PN + RD)]]/ 
[ETR – 4 × (PN + RD)]} 

where Γ* was the CO2 compensation point under nonrespi-
ratory conditions. The temperature dependency for Γ* was 
calculated according to Bernacchi et al. (2002). PN, Ci, and 
RD were obtained from gas-exchange measurements as 
described in the above section. ETR was the electron 
transport rate calculated from Chl fluorescence mea-
surements, according to Krall and Edwards (1992) as:  

ETR = PSII × PPFD × 0.5 × 0.84, 

where PSII was the actual PSII photochemical efficiency 
of light-adapted leaves calculated according to Genty et al. 
(1989) as: (Fm' – Fs)/Fm'. Fm' was the maximum fluores-
cence obtained with a light-saturating pulse (~8,000 µmol 
m–2 s–1 PPFD) and Fs was the steady-state fluorescence of 
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illuminated leaves (1,500 µmol m–2 s–1 PPFD).  
Gas-exchange and Chl fluorescence measurements 

were taken concurrently by fitting the portable infrared 
CO2 gas analyzer with a fluorometer adapter chamber 
(F.LCI-FL, ADC, UK). The measured ETR can be divided 
into two components: ETR = ETRA+ ETRP, where ETRA 
represents the fraction of ETR used for CO2 assimilation 
and ETRP is the fraction of ETR used for photorespiration. 
These values can be solved from data of PN, RD, and ETR, 
and from the known stochiometries of electron use in 
photosynthesis and photorespiration, according to Epron et 
al. (1995) as follows:  

ETRA = 1/3 × [ETR + 8 × (PN + RD)] 
ETRp = 2/3 × [ETR – 4 × (PN + RD)] 

where the ratio ETRA/ETRP, indicative of the fraction ETR 
devoted to CO2 assimilation, was calculated according to 
Valentini et al. (1995).  

 
Photorespiration measurement: The photorespiration 
(Pr) was calculated from the combined gas-exchange and 
Chl fluorescence measurements assuming that all the 
reducing power generated by the electron transport chain 
was used for photosynthesis and photorespiration, and that 
Chl fluorescence gave a reliable estimation of the quantum 
yield of electron transport, according to Valentini et al. 
(1995). Accordingly, Pr was solved from PN, RD, and ETR 
and the known stochiometries of electron use in 
photorespiration, as follows:  

Pr = 1/12 × [ETR – 4 × (PN + RD)].  

The ratio Pr/PN was calculated.  
 

Leaf nitrogen and photosynthetic pigment contents 
were measured in leaves collected at the same occasions of 
gas-exchange measurements. Immediately after collection, 
leaf samples were kept cool in the dark and transported 
immediately to the laboratory. Leaf N [Na, g(N) m–2] 
content  was determined by drying leaf samples at 70°C 
(six samples, 0.5 g of leaf dry mass each, per sun and shade 
plants, respectively, and per each occasion) grounding 
them into a fine powder. The N was measured by the  

Kjeldahl method (Mendes et al. 2001). Photosynthetic 
nitrogen-use efficiency (PNUE) was calculated by the 
ratio between PN rates and Na.  

Chl and carotenoid (Car) contents were determined 
after grinding leaves in acetone (six samples, 1.5 g of leaf 
fresh mass each, per sun and shade plants, respectively, per 
each occasion). The homogenates were centrifuged in a 
refrigerated centrifuge (4237R., A.L.C., Italy). The absor-
bance of the supernatants was measured by a spectro-
photometer 7800LCD (Jasco, Japan) at the wavelengths of 
645, 663, and 440 nm for Chl a, Chl b, and Car, 
respectively. Chl content was calculated according to 
Maclachlan and Zalik (1963) and Car content according to 
Holm (1954). The Chl (a+b) content, the ratio Chl a/b, the 
ratio Chl/Car, and the ratio Chl/N were calculated.  

 
Leaf plasticity: The plasticity index was calculated for 
each of the considered anatomical (PIa), morphological 
(PIm), and physiological (PIp) leaf traits measured in May, 
as the difference between the minimum and the maximum 
mean value between sun and shade leaves divided by the 
maximum mean value, according to Valladares et al. 
(2000). The mean plasticity index (PI) was calculated by 
averaging the plasticity index for all the considered 
anatomical, morphological, and physiological leaf traits. 

 
Statistical analysis: All statistical tests were performed 
using a statistical software (Statistica, Statsoft, USA). 
Differences in morphological, anatomical, and between 
soil parameters were analyzed by one-way analysis of 
variance (ANOVA). Repeated measure ANOVA was 
performed on physiological variables to test for significant 
difference (p≤0.05) among months (i.e. main factor) and 
sampling days (i.e. within effect) in sun and shade plants. 

Simple regression analysis was carried out among the 
considered leaf traits. A multiple regression analysis was 
carried out to investigate the influence of physiological 
leaf traits on photosynthesis both in sun and shade, by 
employing PN as the dependent variable and Na, Chl (a+b), 
Chl/Na, Chl a/b, gs, gm, ETRA/ETRP, and ΦPSII as 
independent variables.  

Results  
 
Soil and microclimate: The pH was 5.43 ± 0.04 and 
5.46 ± 0.11 in sun and shade, respectively, and SWC was 
18.7 ± 1.5% and 26.3 ± 3.9% in sun and shade, respec-
tively. The soil N content was 50% higher in sun than in 
shade, while the ratio C/N was 99% higher in shade than 
in sun. SOM was 3.6 ± 0.5% and 4.4 ± 0.1% in sun and 
shade, respectively (Table 1). PPFD was 1,410 ± 178 and 
36 ± 18 µmol(photon) m–2 s–1 (mean value of the study 
period) in sun and shade, respectively. On an average, Ta 
was 22.8 ± 5.4°C in sun decreasing by 14% in shade, 
whereas RH was 63± 6% in shade conditions decreasing 
by 24% in sun.  

Leaf morphology and anatomy: There were significant 
differences between morphological and anatomical leaf 
traits for plants in sun and shade (Tables 2, 3). In 
particular, LA and SLA were 90% and more than 100% 
higher in shade than in sun, respectively. L was 26% 
higher in sun than in shade, and the ratio palisade to 
spongy parenchyma thickness was 44% lower in shade 
than in sun. Adaxial and abaxial epidermis were 8.9 ± 
0.6 µm and 6.5 ± 0.9 µm, respectively, in sun and 6.7 ± 

0.8 µm and 5.1 ± 0.4 µm, respectively, in shade. Leaves of 
plants in sun had a 27% (mean value) higher adaxial and 
abaxial cuticle thickness compared to plants in shade.  
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Table 1. Soil characterization in sun and shade conditions. 
SWC – soil water content; N – total soil nitrogen content; C/N – 
ratio between carbon and nitrogen content; SOM – soil organic 
matter content. Mean values (± SE) are shown (n = 3). Different 
letters indicate significant differences between sun and shade 
condition (t-test, p<0.05).  
 

Parameter Sun  Shade  

SWC [%] 18.7 ± 1.5a 26.3 ± 3.9b 
pH 5.43 ± 0.04a 5.46 ± 0.11a 
N [%] 0.24 ± 0.02a 0.16 ± 0.01b 
C/N 8.6 ± 2.1a  17.1 ± 0.9b 
SOM [%] 3.6 ± 0.5a 4.4 ± 0.1a 

 
Table 2. Morphological leaf traits of sun and shade plants of 
Corylus avellana. LA – leaf area; DM – dry mass; SLA – specific 
leaf area. Mean values (± SD) are shown (n = 50 leaves). 
Different letters indicate significant differences between sun and 
shade plants (t-test, p<0.05).  
 

Parameter Sun  Shade  

LA [cm2] 41 ± 6a 78 ± 11b 
DM [mg] 263 ± 66a 212 ± 44b 
SLA [cm2 g−1] 163 ± 28a 372 ± 38b 

 
Table 3. Anatomical leaf traits of sun and shade plants of Corylus 
avellana. Mean values (± SD) are shown (n = 25). Different 
letters indicate significant differences between sun and shade 
plants (t-test, p<0.05).  
 

Leaf traits  Sun Shade 

Leaf thickess [µm] 97.6 ± 8.9a 77.7 ± 4.9b 
Palisade parenchyma thickness [µm] 38.3 ± 2.7a 21.9 ± 1.6b 
Spongy parenchyma thickness [µm] 43.4 ± 9.0a 42.7 ± 4.3a 
Adaxial epidermides thickness [µm] 8.9 ± 0.6a 6.7 ± 0.8b 
Adaxial cuticle thickness [µm] 0.8 ± 0.1a 0.7 ± 0.1b 
Abaxial epidermides thickness [µm] 6.5± 0.9a 5.1 ± 0.4b 
Abaxial cuticle thickness [µm] 0.7 ± 0.1a 0.5 ± 0.1b 
Palisade to spongy parenchyma ratio 0.92 ± 0.22a 0.52 ± 0.07b

 
Gas-exchange measurements: The highest PN were 
reached in May both in sun and shade [8.7 ± 0.5 and 4.1 ± 
0.5 µmol(CO2) m –2 s–1, respectively] decreasing by  
57% and 47%, respectively, in November during leaf 
senescence (Fig. 1). The highest gs values for both sun and 
shade were measured in November, and the values were 
more than 100% higher than those monitored in May 
[0.21 ± 0.01 and 0.15 ± 0.01 mol(H2O) m–2 s–1, in sun and 
shade, respectively] (Fig. 2). The ratio RD/PN was the 
highest in November both in sun and shade (0.39 ± 0.08 
and 0.76 ± 0.18, respectively) due to the lowest PN 
associated to relatively high RD [1.39 ± 0.13 and 1.58 ± 
0.25 µmol(CO2) m–2 s–1, respectively] (Fig. 3). PNUE was 
the highest in May [6.1 ± 0.5 and 5.8 ± 0.7 µmol(CO2)  
 

 

Fig. 1. Values of net photosynthetic rates (PN) in sun plants (filled 
bars) and shade plants (open bars) during the study period. 
Lowercase and capital letters indicate differences in sun and 
shade plants, respectively. The means with the same letters are 
not significantly different. Differences between sun and shade 
plants in each month are significant (repeated measure ANOVA, 
p≥0.05). Mean values (± SD) are shown (n = 45). 
 
g–1(N) s–1, in sun and shade, respectively] decreasing by 
34% and 36%, respectively, in November.  
 
Mesophyll conductance and Chl fluorescence: The 
highest gm values were measured in May both in sun and 
shade [0.057 ± 0.008 and 0.027 ± 0.009 mol(CO2) m–2 s–1, 
respectively] and the lowest ones in November [0.0091 ± 
0.0017 and 0.0010 ± 0.0003 mol(CO2) m–2 s–1, 
respectively] (Fig. 2). 

Fv/Fm and ΦPSII were significantly lower in sun than in 
shade during the study period (Fig. 4).  
 
Photorespiration measurements: The ratio Pr/PN was the 
lowest in May (2.4 ± 0.3) in sun, increasing more than 
100% in November. An opposite trend was observed in 
shade, with the highest values in May (0.69 ± 0.22) and the 
lowest ones in November (0.13 ± 0.09). The ratio 
ETRA/ETRP was 87% (mean value of the study period) 
lower in sun than in shade.  

 
Leaf nitrogen and pigment content: Nitrogen and 
pigment contents are shown in Table 4. The highest Na 
content was measured in May both in sun and in shade 
[1.42 ± 0.04 and 0.70 ± 0.01 g(N) m–2, respectively, and 
the lowest content in November [0.92 ± 0.05 and 0.58 ± 
0.06 g(N) m–2, respectively]. The Chl (a + b) content also 
had  the highest values in May [0.047 ± 0.005 and 0.031 ± 
0.004 g(Chl) m–2, in sun and shade, respectively] 
decreasing by 62% and 35%, respectively, in November. 
The ratio Chl/Car decreased by 61% and 40% from May 
to November in sun and shade, respectively, and the ratio 
Chl/Na by 43% and 18% in the same period, plants in shade 
showing a 45% (mean value) higher Chl/Na compared to 
plants in sun.  
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Fig. 2. Trend of (A) stomatal conductance (gs) and (B) 
mesophyll conductance (gm) during the study period 
in sun and shade plants. Lowercase and capital letters
indicate differences in sun and shade plants, 
respectively. The means with the same letters are not 
significantly different. Differences between sun and 
shade plants in each month are significant (repeated 
measure ANOVA, p≥0.05) except when indicated 
(n.s. – not significant). Mean values (± SD) are 
shown (n = 45 for gs; n = 15 for gm). 

 

 

Fig. 3. Values of leaf respiration to net photosynthesis ratio 
(RD/PN) in sun plants (filled bars) and shade plants (open bars) 
during the study period. Lowercase and capital letters indicate 
differences in sun and shade plants, respectively. The means with 
the same letters are not significantly different. Differences 
between sun and shade plants in each month are significant 
(repeated measure ANOVA, p≥0.05). Mean values (± SD) are 
shown (n =45).  
 

 
 

Fig. 4. Trend of (A) maximal quantum efficiency of PSII (Fv/Fm) 
and (B) the actual PSII photochemical efficiency (ΦPSII) during 
the study period in sun and shade plants. Lowercase and capital 
letters indicate differences in sun and shade plants, respectively. 
The means with the same letters are not significantly different. 
Differences between sun and shade plants in each month are 
significant (repeated measure ANOVA, p≥0.05) except when 
indicated (n.s. – not significant). Mean values (± SD) are shown 
(n =45). 
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Table 4. Nitrogen and photosynthetic pigment content of Corylus avellana sun and shade leaves. Na – leaf nitrogen content per unit of 
leaf area; Chl (a+b) – chlorophyll a + b per unit of leaf area; Chl a/b  – chlorophyll a to chlorophyll b ratio; Chl/Car – chlorophyll to 
carotenoid ratio; Chl/Na – chlorophyll to nitrogen ratio. Mean values (±SD) are shown (n = 18). Lowercase letters indicate differences 
between May and November in sun and shade plants. Capital letters indicate differences between sun and shade plants within each 
month. The means with the same letters are not significantly different (repeated measure ANOVA, p≥0.05).  
 

Parameter May November 
  Sun Shade Sun Shade 

Na [g(N) m–2] 1.42 ± 0.04aA 0.70 ± 0.01aB 0.92 ± 0.05bA 0.58 ± 0.06bB 
Chl (a+b) [g(Chl) m–2] 0.047 ± 0.005aA 0.031 ± 0.004aB 0.018 ± 0.003bA 0.020 ± 0.005bB 
Chl a/b 2.12 ± 0.39aA 2.08 ± 0.07aA 3.06 ± 0.28bA  2.17 ± 0.80aB 
Chl/Car 6.16 ± 0.90aA 6.43 ± 0.53bA 2.42 ± 0.42aA 3.88 ± 0.74bB 
Chl/Na 0.035± 0.007aA 0.044 ± 0.005aB 0.020 ± 0.005bA 0.036 ± 0.008bB 

 

 
 
Fig. 5. Simple regression analysis between electron transport rate 
(ETR) and photosynthetic photon flux density (PPFD). The 
regression equation, determination coefficient (R2), and p-value 
are shown.  
 

Statistical analysis and phenotypic plasticity: The re-
gression analysis showed a negative relationship between 
SLA and L (r = –0.83), and between Chl/Na and PPFD 
(r = –0.56) and a positive relationship between Na content 
and PPFD (r = 0.88). There was a positive (r = 0.94) 
relationship between ETR and PPFD (Fig. 5).  

The results of the multiple regression analysis showed 
that Na, Chl (a+b), ETRA/ETRp, and ΦPSII were the 
variables which most explained PN variations in sun and 
Chl a/b in shade (Table 5).  

The PI of C. avellana was 0.33. In particular, PIm (0.41) 
was higher than PIp (0.36) and PIa (0.24) (Table 6). SLA 
had the highest plasticity (0.56) among the considered 
morphological leaf traits, ETR (0.82) among physiological 
traits, and palisade to spongy parenchyma ratio (0.44) 
among anatomical traits. 

Discussion 
 
The results on the whole highlight the successful ability of 
C. avellana to grow in shade as well as in sun through 
several adaptations at morphological, anatomical, and 
physiological levels. With concern to the soil charac-
teristics, there were no significant differences in the pH 
under sun and shade (5.43 ± 0.04 and 5.46 ± 0.11, 
respectively) while N content was 50% higher in sun than 
in shade, resulting in the range founded by Adiloglu and 
Adiloglu (2004) for the same species in Turkey. The ratio 
C/N is 99% higher in shade than in sun highlighting the 
higher C pools in the understory of the forest related to the 
larger amount of dead wood and litter.  

During the study period, C. avellana PN peaks in May 
[8.7 ± 0.5 and 4.1 ± 0.5 µmol(CO2) m–2 s–1, for sun and 
shade plants, respectively] when air temperature is favor-
able (ranging from 18 to 24°C), according to the results of 
Schulze and Küppers (1979) for the same species. The 
ratio RD/PN can be considered a simple approach to the leaf 
carbon balance because it indicates the percentage of 
photosynthates that are respired (Loveys et al. 2002). In 

particular, in this period the low ratio RD/PN (0.19 ± 0.05 
and 0.15 ± 0.02, for sun and shade, respectively) highlights 
the lower proportion of carbon respired compared to that 
assimilated when resources are not limited and leaves take 
in roughly three to five times more CO2 than they lose by 
the dissimilatory process (Larcher 2003). PN decreased in 
November (by 57% and 47% for sun and shade, respec-
tively) during leaf senescence. In this period a more than 
100% higher gs both in sun and shade may be related to a 
reduced stomatal responsiveness, according to the results 
of Grassi and Magnani (2005) and Matos et al. (2012) for 
other deciduous species. The reduced stomatal control to 
CO2 diffusion is attested by the high substomatal CO2 
concentration in sun and shade plants. Nevertheless, taking 
into account that gm regulates CO2 diffusion from the sub-
stomatal cavity to the sites of Rubisco (de Lucia et al. 
2003), the PN decreasing during leaf senescence could be 
mainly due to a lower gm [0.0091 ± 0.0017 and 0.0010 ± 
0.0003 mol(CO2) m–2 s–1, in sun and shade plants, 
respectively].  
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Table 5. Results of the multiple regression analysis using net photosynthesis (PN) as dependent variable and chlorophyll to nitrogen 
content ratio (Chl/Na), Chl a/b, stomatal conductance (gs), mesophyll conductance (gm), ratio of the electron transport rates for CO2 
assimilation and for photorespiration (ETRA/ETRP), actual PSII photochemical efficiency (ΦPSII), leaf nitrogen content per unit of leaf 
area (Na), Chl (a+b) as independent variables. Bold font indicates variables which are significant (p<0.05). Multiple R value, intercept 
value, standardized (B coefficient), unstandardized (β coefficient) regression coefficient and p-level are shown. 
 

Independent variables Chla/Na Chl a/b gs gm ETRA/ETRP ΦPSII Na Chl (a+b) 

Sun 

Multiple R value 0.988         
Intercept  –72.485         
B regression coefficient  –6.895 0.376 1.372 –13.947 96.715 53.709 –9.025 –150.939 
β regression coefficient  –0.074 0.246 0.048 –0.178 2.685 1.849 –0.638 1.225 
p-level   >0.05 >0.05 >0.05 >0.05 <0.05 <0.05 <0.05 <0.05 

Shade 

Multiple R value 0.922         
Intercept  –26.606         
B regression coefficient  –553.504 5.414 20.546 60.255 1.754 0.559 27.342 550.910 
β regression coefficient  –4.536 0.99 0.599 1.021 1.045 0.047 1.197 3.497 
p-level   >0.05 <0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 

 
With regards to C. avellana response to sun and shade, 

the more than 100% higher SLA in shade is due to a 20% 
lower L as attested by the negative correlation between 
SLA and L because the larger and thinner shade leaves are 
more advantageous for light capture in low-light 
conditions (Gratani and Foti 1998). Moreover, a 44% 
reduced ratio of palisade to spongy parenchyma thickness 
in shade scatters irradiance internally increasing light 
absorption (Sack et al. 2006). On the contrary, the higher 
palisade parenchyma thickness of sun leaves provides a 
better light penetration to the chloroplasts (Duan et al. 
2005). Changes in composition of pigments in response to 
varying light conditions lead to a successful acclimation in 
the growth irradiance. In particular, a 18% lower Chl a/b 
ratio in shade is determined by a higher Chl b content. This 
contributes to C. avellana acclimation to shade since Chl b 
is the main component of the LHC protein (Koike et al. 
2001) which acts as an antenna complex in transferring 
light energy to the reaction centre of PSII (Lam et al. 
1984). Accordingly, shade leaves can trap more light 
energy through LHCII to promote a higher photosynthetic 
efficiency (Huang et al. 2011). On the contrary, leaves in 
sun plants have relatively low Chl b content (i.e. higher 
Chl a/b ratio) and, in turn, a low light-trapping ability in 
the antennae of LHC. Through this mechanism more light 
energy can be dissipated as heat and fluorescence avoiding 
severe damage to reaction centres (Iglesias-Prieto and 
Trench 1997, Bailey et al. 2004).   

It is known that PN responses may be related to changes 
in leaf Na, and N partitioning within leaves changes with 
growth irradiance in such a way to maximize photo-
synthesis (Evans and Poorter 2001). In this context, the 
ratio Chl/Na which is indicative of N allocation to the  
Chl-protein complexes in the light-harvesting component 
at the expense of investment in other compounds (e.g. 
Rubisco) (Poorter et al. 2000) is 45% higher in shade than 

in sun. The Chl/Na ratio is particularly important in a forest 
understory as nitrogen availability is crucial in 
determining plant capability to tolerate low irradiance 
(Niinemets 1997). Moreover, the lower Na in shade leaves 
leads to a larger surface area with the same investment of 
plant N in leaf production, which is beneficial for 
improving light interception (Duan et al. 2005). On the 
contrary, leaves in sun have a 10% higher PNUE because 
of the more N allocated in the form of photosynthetic 
proteins which results in increased carboxylating enzymes 
(Rubisco) (Reich et al. 1995) responsible for the photo-
synthetic electron transport (Reich et al. 1995) as 
confirmed by the close and positive (r = 0.94) relationship 
between ETR and PPFD. The lower RD/PN ratio in sun is 
justified by more than 100% higher PN and 38% higher RD, 
with this last being necessary for a higher maintenance cost 
of the photosynthetic tissues (Pearcy and Sims 1994). On 
the contrary, the higher RD/PN in shade is due to the 
reduced RD that allows the maintenance of a positive 
carbon balance (Givnish 1988, Amthor 2000). It is well 
known that in high-light conditions photoprotection 
mechanisms are needed in order to avoid photoinhibition 
(Matos et al. 2009, Moraes et al. 2010). Protection of 
photosynthesis from light stress in the natural environment 
is provided via the thermal dissipation of excess energy in 
PSII (Demmig-Adams and Adams 1996). The ratio Fv/Fm 
can be used as a sensitive indicator of the plant 
photosynthetic performance (Huang et al. 2011) with 
optimal values around 0.83 measured for plant species 
(Björkman and Demmig 1987, Johnson et al. 1993). The 
resulting Fv/Fm values (0.73 ± 0.02 and 0.78 ± 0.02, in sun 
and shade, respectively) highlight an efficient functioning 
of the photoprotection mechanism without oxidative 
damage to the photosynthetic machinery, as suggested by 
Demmig-Adams et al. (1996) and Thiele et al. (1998). A 
lower ΦPSII in sun leaves compared to shade leaves  
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Table 6. Plasticity index for the anatomical, morphological, and 
physiological leaf traits of Corylus avellana. The anatomical 
(PIa), morphological (PIm), physiological (PIp), and the mean 
plasticity indexes (PI, mean of PIa, PIm, and PIp) are shown.  
PN – net photosynthetic rate; RD – respiration rate; RD/PN – ratio 
between RD and PN; gs – stomatal conductance; gm – mesophyll 
conductance; Pr/PN – ratio between photorespiration and PN;  
E – transpiration rate; PNUE – photosynthetic nitrogen use 
efficiency; Na – leaf nitrogen content per unit of leaf area; Chl – 
chlorophyll; Car –carotenoid; Na – nitrogen content; Fv/Fm – 
maximal quantum yield of PSII photochemistry; ETR – electron 
transport rate; ETRA – electron transport rate for CO2 
assimilation; ETRP – electron transport rate for photorespiration; 
ΦPSII – effective quantum yield of PSII photochemistry; LA – leaf 
area; DM – dry mass; SLA – specific leaf area. Bold font indicates 
leaf traits that significantly differed (p<0.05) between sun and 
shade leaves.  
 

Physiological leaf traits  Plasticity index 

PN 0.53 
RD 0.63 
RD/PN 0.22 
gs 0.31 
gm 0.53 
Pr/PN 0.71 
E 0.41 
PNUE 0.05 
Na 0.51 
Chl a/b 0.12 
Chl (a+b)  0.34 
Chl/Car 0.04 
Chl/Na 0.21 
Fv/Fm 0.02 
ETR 0.82 
ETRA/ETRP 0.47 
ΦPSII 0.15 
Mean PIp 0.36 

Morphological leaf traits  

LA 0.47 
DM 0.19 
SLA 0.56 
Mean PIm 0.41 

Anatomical leaf traits  

Total leaf thickness 0.20 
Palisade parenchyma thickness 0.43 
Spongy parenchyma thickness 0.01 
Upper epidermides thickness 0.24 
Lower epidermides thickness 0.20 
Upper cuticles thickness 0.16 
Lower cuticles thickness 0.22 
Palisade to spongy parenchyma ratio 0.44 
Mean PIa 0.24 

PI 0.33 

 
 

highlights their higher capacity to dissipate the excess of 
the excitation energy as heat (Björkman and Demmig-
Adams 1994). Plants in sun can protect themselves from 
excessive absorbed light through the downregulation of 
photochemical efficiency by the xanthophyll cycle 
(Demmig-Adams et al. 1996) as highlighted by a higher 
Car content (i.e. lower Chl/Car) and by the maintenance of 
the electron flux involved in alternative pathways such as 
photorespiration (Asada 1999, Ort and Baker 2002). This 
is attested by the more than 100% higher Pr and a lower 
ETRA/ETRP ratio in sun. 

The multiple regression analysis confirmed the above 
results selecting ETRA/ETRP, ΦPSII, Na, and Chl (a+b) as 
the most significant variables explaining PN variations in 
sun and Chl a/b in shade.  

Plant physiological and morphological plasticity 
contribute to adaption to light environments that species 
inhabit (Walters and Reich 1996) and a high phenotypic 
plasticity may increase tolerance to varying environmental 
conditions and lead to a higher fitness (Sultan 1995). The 
high PI (0.33) attests C. avellana responsiveness to light 
variations. In particular, the greater plasticity of morpho-
logical leaf traits (PIm = 0.41) than of physiological  
(PIp = 0.36) and anatomical (PIa = 0.24) ones attests to the 
shade tolerance of C. avellana (Yamashita et al. 2000, 
Valladares et al. 2002, 2005; Catoni et al. 2012). On the 
whole, the results highlight the ability of C. avellana sun 
plants to prevent photoinhibition of photosynthesis under 
high PPFD by a higher Car content and Pr and lower Fv/Fm, 
ΦPSII, confirming the C. avellana capacity to perform well 
in sun. C. avellana shade tolerance is attested by several 
adaptations at leaf level which contribute to maximizing 
understory light capture, reducing carbon loss by respi-
ration, and maintaining positive carbon balance.  
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