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ABSTRACT: In this study, five biochemical traits obtained for seedlings of five different provenances of Quercus cas-
taneifolia C.A. Meyer were used to evaluate the available light environment using instantaneous electronic readings as 
a standard. Experimental design was executed under controlled conditions at six different irradiance levels (10, 20, 30, 
50, 60, and 70% of full light). Results show that among total chlorophyll (Chlmass), chlorophyll a to b ratio (Chla:Chlb), 
N, chlorophyll to N ratio (Chl:N), and peroxidase (POD) quantitative activity, the latter provides the highest realistic 
correlation with available irradiance. Ranking irradiance treatments on a Chlmass basis, Chl:N ratio, and Chla:Chlb ratio 
do not consistently distinguish different irradiance levels either within or between provenances, while the ranking 
produced by POD was an accurate reflection of the degree of irradiance within the shade houses, especially at 10–30%.
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In natural conditions, the light filtered through 
the forest canopy is known as one of the most im-
portant and heterogeneous physical factors (Théry 
2001) that influence plant physiology, morphology, 
and reproductive capacity. Light measurements are 
relatively difficult to perform in the forest because 
of the variable nature of stratified canopy (Dale, 
Causton 1992) and the high spatial and temporal 
variability of light (Théry 2001). Generally, plants 
have the ability to alter their morphological and 
physiological traits to maximize fitness according 
to the light environment (Poorter et al. 2000). 
They often change leaf properties and biomass al-
location patterns in accordance with available light 
(Sugiura, Tateno 2011). Leaves react most sen-
sitively to environmental factors such as soil mois-
ture, nutrients, and irradiance (Roche et al. 2004; 
Sugiura, Tateno 2011); subsequently, the causal 
relationships between leaf traits and various envi-
ronmental factors can be recognized.

Ideally, some characteristics of plant morphologi-
cal and physiological leaf traits could be used as a 

measure of available light (Dale, Causton 1992; 
Poorter 1999; Rozendaal et al. 2006; Xu et al. 
2008; Sugiura, Tateno 2011). Several parameters 
such as: (i) total chlorophyll expressed on a leaf 
area basis, (ii) a leaf dry weight basis, (iii) specific 
leaf area, (iv) ratio of chlorophyll a to chlorophyll b 
(Chla:Chlb) were used in bioassays for measure-
ments of the light environment in different studies 
(Dale, Causton 1992; Beneragama, Goto 2010; 
Sugiura, Tateno 2011). Dale and Causton 
(1992) suggested the ratio of Chla:Chlb as a realistic 
bioassay for the light environment particularly for 
single species studies, because it is physiologically 
flexible, least influenced by external factors (e.g. 
water availability and soil magnesium status), and 
varies predictably with light. There is also evidence 
of genetic control over the Chla:Chlb ratio (Dale, 
Causton 1992).

Isoenzyme markers, especially peroxidase, are 
common methods for the study of plant genetic 
diversity. They also serve as indicators of environ-
mental heterogeneity (Bogdanović et al. 2007; 
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Petrokas, Stanys 2008; Clarke et al. 2009). Un-
favourable conditions such as high irradiance inten-
sities and temperature can cause an increase in the 
production of reactive oxygen species (ROS) such as 
1O2 and H2O2 in plant tissue during photosynthesis 
and other reactions of cellular metabolism (Asada 
1994). An increase in peroxidase activity is consid-
ered a protective system composed of antioxidants 
(Zolfaghari et al. 2010). Despite several different 
applications of peroxidase, to the best of our knowl-
edge, the use of peroxidase in a trait for a light gradi-
ent has received no attention to date.

Therefore, in this study, we evaluated physiological 
acclimation responses of Quercus castaneifolia C.A. 
Meyer, chestnut oak leaves, to a light gradient under 
controlled conditions along a precipitation gradient 
in the Hyrcanian vegetation zone in northern Iran. 
Chestnut oak is one of the most valuable species in 
Hyrcanian forests that is endemic in the Caucasus 
and this vegetation zone (Akhani et al. 2010). This 
species is a light-demanding deciduous tree distrib-
uted either in pure (4.6% of Hyrcanian forests) or 
mixed (1.9%) populations with hornbeam (Carpi-
nus betulus Linnaeus) from the coastal plains to the 
highlands along the southern shore of the Caspian 
Sea from west to east (Sabeti 1994). Although there 
are examples of interspecific or inter-site compari-
sons of leaf morphological and physiological accli-
mation responses to light (Poorter 1999; Bloor, 
Grubb 2004; Gratani et al. 2006; Rozendaal et al. 
2006), there are few multi-site studies. In the pres-
ent study, we attempt to answer: (i) how leaves dif-
fer in their traits in different light levels, (ii) whether 
chestnut oak seedling acclimation responses to light 
vary in different provenances, (iii) which trait yields 
the best provenance and irradiance level separation.

MATERIAL AND METHODS

Characteristics of collected provenances. There 
are different precipitation regimes in the western 
and eastern parts of the Hyrcanian forest vegetation 
zone. Precipitation decreases gradually from west to 
east (Domoers et al. 1998). Annual rainfall in this 
region ranges from 2,045 mm in the west to 213 mm 
in the east, from (49.08°E, 37.58°N) to (55.7°E, 
37.9°N), respectively, with high rainfall occurring in 
early autumn. The dry season (P < 2T, P – precipita-
tion, T – temperature) is either very short or com-
pletely non-existent, especially in the western parts 
of the Hyrcanian forest. The large amount of rainfall 
over the south-central and south-western parts of 
the Caspian Sea and the lower amount of precipi-

tation in the eastern parts result in a precipitation 
gradient in the region (Akhani et al. 2010).

To conduct this study, seed samples were collect-
ed from five provenances of chestnut oak from west 
to east of the Hyrcanian forests. The general char-
acteristics of the studied sites are shown in Table 1.

Experiments were carried out in a greenhouse at 
the Faculty of Natural Resources and Marine Sci-
ences of Tarbiat Modares University, located with-
in the Hyrcanian forests (36°34'54"N, 52°02'32"E) in 
Mazandaran province (northern Iran). The climate 
is considered humid (Domoers et al. 1998). The 
area receives an average of 1,200 mm of precipita-
tion per year in the form of rain at the lower and 
snow at the higher elevations with an average tem-
perature of 17°C.

Light regime treatment. To study the growth 
response of chestnut oak seedlings to the light re-
gime, six different irradiance levels, i.e. 10, 20, 30, 
50, 60, and 70% of full light, were considered. The 
inside of the greenhouse was divided into six parts 
(shade houses). Each part was approximately 3.5 m 
long, 1.5 m wide and 2.2 m high. The six specified 
irradiance levels were created by covering the shade 
house walls with layers of neutral plastic which 
transferred 70% of full light, and the roofs with an 
increasing number of layers of neutral plastic. Each 
extra layer intercepted 10% of the incoming irradi-
ance, creating six irradiance levels from 10 to 70% 
of full daylight irradiance. Each irradiance level 
contained 150 oak seedlings from five provenances 
(30 seedlings for each provenance were placed ran-
domly in the treatment), plus 40 cm buffer at each 
of the north and south ends to avoid marginal ef-
fects. Photosynthetically active radiation measure-
ments were done in the shade-houses base on com-
parisons of treatment vs. open sky instantaneous 
readings made at seedling height with a quantum 
sensor (LI-COR, Lincoln, USA) (Bloor, Grubb 
2004). Every five seconds, a data logger sampled 
the measurements of a quantum sensor placed in 
the shade house, and from this data one-minute 
averages were produced. At each shade house, five 
measurements were taken (Table 2).

Growth treatment. Chestnut oak acorns were 
collected from about 10 to 15 mature healthy trees 
located in five provenances and were sown in plas-
tic pots (15 × 10 cm) filled with a mixture of one-
third of forest top soil and two-thirds of river sand 
in the autumn of 2011. The source of the forest soil 
was the oak forest region near the study site. The 
forest soil was used to provide a substrate with the 
natural composition of macro- and micronutrients, 
and the river sand provided for adequate drainage, 
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which allowed daily watering. After germination 
in the spring, from late March to early April 2012, 
seedlings were positioned at a 10% irradiance level. 
Seedlings were set under light regime treatments 
by 1 May 2012. Seedlings were moved gradually to 
higher irradiance levels to avoid bleaching or wilt-
ing in response to the transfer, and they were wa-
tered twice weekly. Average transfer time was two 
to three weeks (15–20 days).

Leaf sampling. To examine the functional respons-
es to irradiance, we measured five traits (Chlmass,  
Chl:N, peroxidase (POD) quantitative activity, 
Chla:Chlb, Nmass) as a function of the light regime 
(Fig. 1). Leaf sampling (about 30 g) was carried out 
from 23 to 25 August 2012 on three randomly se-
lected individuals of each provenance from each 
shade house when the sampled seedlings had been 
set under light regime treatments for about four 
months. First, three replicate subsamples of 0.1 g 
leaf fresh weight were removed and stored at 4°C. 
This material was used to determine chlorophyll 
content spectrophotometrically after extraction 
with dimethylformamide (Porra et al. 1989; Ogu-
chi et al. 2003). Chl (a and b) concentrations were 
calculated according to Porra et al. (1989). 

To estimate N content, leaves were oven-dried at 
70°C for at least 48 h and then weighed (Poorter 

1999) and Nmass was determined using the Kjeldahl 
methodology.

The fresh leaf material for POD study was placed 
separately into individual bags, conserved in a por-
table refrigerator and later stored at 4°C until extrac-
tion. For enzyme extraction, leaf tissue was crushed 
separately using a mortar and a pestle, and the en-
zyme was extracted using extraction buffer: 1 g of leaf 
of each tree separately was ground with 3 ml of ex-
traction buffer [2 g ascorbic acid, 3.8 g borax (decahy-
drate), 50 g polyethylene glycol, 1.2 g tris-hydrochlo-
ride, 2 g ethylenediaminetetraacetic acid disodium 
salt dihydrate, 3.6 g NaCl] and refrigerated at 4°C for 
24 h. Peroxidase activity was determined spectropho-
tometrically at 530 nm with 0.2 ml of 0.01M acetate 
buffer A and B (1:1), 0.4 ml 3% H2O2, 0.2 ml 0.01M 
benzidine as the reagent solution (Korori 1989).

Statistical analysis. All traits were ln-trans-
formed prior to analysis to increase normality and 
homoscedasticity. The traits of leaves from the six 
irradiance treatments were compared using a two-
way ANOVA with provenances and irradiance 
levels as fixed factors. Mean values of traits were 
compared using Tukey’s test to examine differences 
between treatments. The amount of variation ex-
plained by provenances, irradiance, and interaction 
was calculated as the sum of squares of the effect in 
proportion to the total sum of squares of the model 
equivalent to R2 (Quero et al. 2006). All statistical 
analyses were done using the SPSS statistic package 
(Version 19, 2010).

Least significant range (LSR) at P = 0.05 was cal-
culated by Eq. 1:        

Tukeyα = qα, t, df (E) × (√MSE/n) 	  (1)

where:
q	 – values obtained from Tukey’s table,
α	 – 0.05 or 0.01,
t	 – degree of freedom factor + 1,
df (E)	– degree of freedom error,
MSE	 – mean square error,
n	 – number of treatments.

Table 1. Characteristics of the studied ecotypes (Domoers et al. 1998; Akhani et al. 2010; Pilembera – western 
provenance, Kelardasht, Lajim – central provenances, Kordkûy, Loveh – eastern provenances)

Province Provenance Altitude  
(m a.s.l.) Coordinates Temperature* 

(°C)
Precipitation* 

(mm)
Seed mean 
weight (g)

Guilan Pilembera 650 37°34'25"N  49°01'40"E 15.1 2,045 5.41

Mazandaran
Kelardasht 1,000 36°35'52"N  51°05'30"E 16.4 1,293 8.00

Lajim 800 36°18'22"N  53°05'48"E 18.0 703 7.25

Golestan
Kordkûy 800 36°43'27"N  54°07'21"E 17.8 601 7.41

Loveh 800 37°21'11"N  55°39'44"E 17.8 488 7.41

*annual mean

Table 2. Rank order of the treatments based on compari-
sons of treatment vs. open sky instantaneous readings 
made at noon at seedling height with a quantum sensor 
(LI-COR, Lincoln, USA)

Irradiance treatment (%) PAR (% of full daylight ± SE)
70 70.40* ± 2.29
60 57.19 ± 2.21
50 49.12 ± 2.39
30 31.17 ± 3.42
20 19.62 ± 3.23
10 11.02 ± 0.56

*mean of 5 replicates ± SE, PAR – photosynthetically active 
radiation, SE – standard error
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RESULTS

Variation in leaf trait responses as a result of 
light gradient, provenances and their interaction

As Fig. 1 shows, all investigated traits showed a 
decreasing trend to irradiance except Chla:Chlb. 
The Chl:N ratio showed no special trend to light.

Peroxidase showed a decreasing response to irra-
diance with the largest changes at the lowest irradi-
ance levels (10–30%), and levelling-off at interme-
diate and high irradiance levels (50–70%). As LSR 
shows, the POD also distinguishes provenances 
better than the other traits, especially at low irradi-
ance levels (Fig. 1).

In our study, the irradiance level was the most 
important determinant of the variation in leaf 
traits, as indicated by the high F-values (Table 3). 

Peroxidase and Nmass were significantly influenced 
by provenance, and there was a high interaction 
between factors for POD and Nmass (Table 3). The 
variation in leaf traits due to irradiance intensity 
(average R2 = 0.30) was much larger than the varia-
tion due to provenances (average R2 = 0.03) or the 
interaction between provenances and irradiance 
levels (R2 = 0.23) (Table 3).

DISCUSSION

Leaf physiological trait responses  
to light gradient

The results show that most of the traits are in-
fluenced by the light environment (Fig. 1, Table 3) 
indicating the importance of the irradiance effects 

Fig. 1. Light intensity dependence for the five provenances: Plimbera, Kelardasht, Lajim, Kordkûy, Loveh, showing five 
variables: total chlorophyll – Chlmass (a), Chl:N ratio (b), peroxidase (POD) quantitative activity (c), Chla:Chlb ratio (d), 
Nmass (e). Least significant range is at P = 0.05

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80

C
hl

m
as

s
(m

m
ol

·g
–1

)

Plimbera Kelardasht Lajim Kordkûy Loveh

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80

C
hl

:N
 ra

tio

0
1
2
3
4
5
6
7
8
9

10

0 10 20 30 40 50 60 70 80

PO
D

 (m
g·

FW
–1

)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

0 10 20 30 40 50 60 70 80

C
hl

a:C
hl

b
ra

tio

Light (%)

0
1
2
3
4
5
6
7
8
9

10

0 10 20 30 40 50 60 70 80

N
m

as
s

(m
g·

g–1
) 

Light (%)

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80

C
hl

m
as

s
(m

m
ol

·g
–1

)

Plimbera Kelardasht Lajim Kordkûy Loveh

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80

C
hl

:N
 ra

tio

0
1
2
3
4
5
6
7
8
9

10

0 10 20 30 40 50 60 70 80

PO
D

 (m
g·

FW
–1

)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

0 10 20 30 40 50 60 70 80

C
hl

a:C
hl

b
ra

tio

Light (%)

0
1
2
3
4
5
6
7
8
9

10

0 10 20 30 40 50 60 70 80

N
m

as
s

(m
g·

g–1
) 

Light (%)

(a) (b)

(c)

(e)

(d)



J. FOR. SCI., 62, 2016 (10): 485–491	 489

on traits related to the variation in leaf character-
istics. The light environment varies spatially and 
temporally (Bloor, Grubb 2004; Rozendaal et 
al. 2006) and the ability to respond to such chang-
es in resource availability may be critical to seed-
ling growth success. From many studies, leaves are 
known as organs very sensitive to the environmen-
tal light conditions and as responding to it (Poort-
er 1999; Bloor, Grubb 2004; Delagrange et al. 
2004; Rozendaal et al. 2006; Xu et al. 2008). The 
observed responses can be assigned to the adaptive 
ability of oak seedlings to cope with light as a hetero-
geneous environmental factor. As Fig. 1 shows, there 
is a decreasing trend with irradiance for Chlmass, and 
an increasing trend for the Chla:Chlb ratio. In low ir-
radiance, light is considered a limiting resource. So 
the efficiency of light capture was enhanced through 
an increase in chlorophyll content on a mass basis 
(Hikosaka, Terashima 1995; Poorter, Evans  
1998; Rozendaal et al. 2006; Valladares, 
Niinemets 2008), and decreases in N content on 
a mass basis and Chla:Chlb ratio (Gratani et al. 
2006; Valladares, Niinemets 2008). It has also 
been well established that photosynthetic pigments, 
mostly chlorophyll a and b, tend to increase when 
irradiance decreases to facilitate light harvesting. 
When there is little light available, plants produce 
more chlorophyll b than chlorophyll a to increase 
its photosynthetic ability. This is necessary because 
chlorophyll a molecules capture a limited wave-
length, so accessory pigments like chlorophyll b 
are needed to aid in the capture of a wider range of 
light. Then, there is a higher ratio of chlorophyll b to 
chlorophyll a. This is adaptive, as increasing chloro-
phyll b increases the range of wavelengths absorbed 
by the shade chloroplasts.

We expected that POD quantitative activity would 
increase at 10–30 and 70% irradiance, but the results 
show a different trend (Fig. 1). Peroxidase quantitative 
activity was high at low irradiance levels (10–30%)  
and reached its lowest values at intermediate and 
high irradiance levels (30–70%). An increase in per-

oxidase activity was considered an early response 
to different stresses and may provide cells with re-
sistance against the formation of H2O2,

 which is 
formed when plants are exposed to stress factors 
(Zolfaghari et al. 2010). Various abiotic stresses 
such as excess light (Hansen et al. 2002), drought, 
salt stress and CO2 limiting conditions enhance the 
production of ROS in chloroplasts (Gill, Tuteja 
2010). The production of ROS is also an unavoid-
able consequence of aerobic respiration. As noted 
before, our experiment was carried out at controlled 
conditions. High temperature and water stress are 
two secondary effects of high irradiance intensities 
(James, Bell 2000) which intensify the stress effects 
and increase the POD quantitative activity. By con-
sidering the controlled conditions at the greenhouse, 
we can assume that only the effects of light gradient 
have been indicated in this experiment. The assump-
tion could be presumable from the curve produced 
by POD which is an accurate reflection of the degree 
of irradiance within the shade houses, especially at 
10–30% on the basis of both light meter reading and 
observation. Hence it seems that the POD responses 
to irradiance could be an indicator of light tolerance 
of chestnut oak seedlings.

Although peroxidase is a light-activated enzyme, 
the results of this study surprisingly showed that its 
activity increased upon low irradiance treatment, 
whereas other studies showed that irradiance 
caused a sharp rise in the enzyme activity (Reddy 
et al. 1985). The result of the present study is sup-
ported by Begam and Vivekanandan (1990) that 
Vigna unguiculata (Linnaeus) Walpers showed an 
increase in POD quantitative activity upon low 
irradiance treatment. They discussed the results 
in relation to the age of leaves. In this study, leaf 
sampling was investigated when the sampled seed-
lings had been set under light regime treatments 
for about four months. It seems that POD quan-
titative activity increases in mature leaves, which 
is in agreement with Begam and Vivekanandan 
(1990) and Moustaka et al. (2015).

Table 3. Two-way ANOVA with light (n = 7) and provenances (n = 5) as fixed factors. Total R2 of the model are indi-
cated. An equivalent for R2 was calculated as the sum of squares of the effect in proportion to the total sum of squares

Provenances Light Interaction
Total R2

Variable F-value P-value R2 F-value P-value R2 F-value P-value R2

POD quantitative activity 10.39 *** 0.04 60.64 *** 0.36 5.92 *** 0.14 0.54
Chlmass 0.81 NS 0.02 5.75 *** 0.23 1.25 NS 0.2 0.45
Chla:Chlb 0.06 NS 0.01 8.1 *** 0.31 1.3 NS 0.2 0.52
Nmass 1.87 * 0.07 4.24 ** 0.39 2.21 * 0.3 0.75
Chl:N 0.92 NS 0.03 4.47 *** 0.25 1.44 NS 0.32 0.6

POD – peroxidase, Chl – chlorophyll, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, NS – not significant
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Prasad and Saradhi (2004) and Sofo et al. 
(2009) observed in their experiments that antioxi-
dant enzymes decreased with an increase in the du-
ration of exposure to intense light. Consequently, 
high light intensity may lead to an imbalance be-
tween antioxidant defence and the amount of ac-
tive oxygen species, thus resulting in more severe 
stress in physiology and ecology of chestnut oak 
seedlings.

Overall, our results indicated that POD is physi-
ologically flexible and varies with irradiance. The 
most appropriate rank, especially at 10–30% light, 
for the five different provenances, is also that of 
POD (Fig. 1) and POD could distinguish the irra-
diance levels better than other traits did (Fig. 1), 
both within and between provenances. Therefore, 
we suggest POD to study different provenances and 
their responses to environmental conditions, espe-
cially light.
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