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Abstract Intraspecific variability in morphological and

ecophysiological leaf traits might be theorized to be present

in declining populations, since they seem to be exposed to

stress and plasticity could be advantageous. Here we

focused on declining Persian oaks (Quercus brantii Lindl.

var. persica (Jaub and Spach) Zohary) in the Zagros

Mountains of western Iran, representing the most important

tree species of this region. We selected trees with con-

trasting crown dieback, from healthy to severely defoliated,

to investigate the relationships between canopy dieback

and leaf morphology, water content and pigments. We also

measured esterase and peroxidase, as enzymatic antioxi-

dants and indicators of contrasting genotypes. Trees

showing moderate to severe defoliation showed higher leaf

mass area (LMA), reduced relative water content (RWC),

and lower stomatal density (SD). Increasing LMA indicates

a more sclerophyllic structure, according to drier condi-

tions. We did not find significant differences in leaf pig-

ments (chlorophyll a and b, and carotenoids) among crown

dieback classes, suggesting that Persian oak trees are able

to maintain accurate photochemical efficiency, while

reduced RWC and SD suggest hydraulic limitations. Our

results do not provide a consistent pattern as regards

enzymatic antioxidant defense in Persian oak. Morpho-

logical leaf traits would be important drivers of future

adaptive evolution in Persian oak, leading to smaller and

thicker leaves, which have fitness benefits in dry environ-

ments. Nonetheless, drought responses may be critically

affecting carbon uptake, as photosynthetic compounds are

less effectively used in leaves with higher sclerophylly.

Keywords Crown dieback � Drought � Leaf mass area �
Oak decline � Quercus brantii � Stomatal density �
Sclerophylly

Introduction

Intraspecific variability is an important mechanism by

which trees may cope with environmental heterogeneity in

natural populations (Pigliucci 2005; Hoffmann and Sgrö

2011). Under a climate change scenario, water availability

may become a main limiting resource, affecting leaf traits

and therefore regulating plant growth and survival at global

scale (Ackerly et al. 2000; Atkins and Travis 2010;

Matesanz et al. 2010). The functional response of trees to

drought involves biochemical, physiological, and structural

changes at the leaf and whole-plant level (Reich et al.
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1999; Niinemets 1999, 2001; Wright and Cannon 2001;

Sperlich et al. 2015). The ability of tree populations to

overcome such responses, shifting key functional traits,

may determine the survival under the drier and more

variable climate expected for drought-prone ecosystems

(Lázaro-Nogal et al. 2015; Niinemets 2010, 2015).

As individual trees are exposed to different selective

pressures, they may differ in leaf morphology and eco-

physiological traits along the distribution range (Garcı́a-

Nogales et al. 2016; Laureano et al. 2016). Environmental

heterogeneity may influence forest decline patterns (Kab-

rick et al. 2008) but also it may be related to differentiation

in phenotypic plasticity among populations and local

adaptation, modulating species range shifts under climate

change (Ackerly et al. 2000; Chevin and Lande 2010;

Valladares et al. 2014; Lázaro-Nogal et al. 2015).

Leaf morphological and functional traits related to

drought tolerance, as well as their plasticity, may enhance

plant fitness in water-limited environments (Corcuera et al.

2002; Chaves et al. 2003). Leaf structure is an important

determinant of tree-level carbon uptake and water balance

(Reich et al. 1999; Niinemets 1999, 2001; Wright et al.

2004). For instance, leaf life span and leaf mass per area

are fundamental traits in the carbon economy of plants,

representing the investment required per unit leaf area and

the duration of the resulting benefit. Tree species on dry

and infertile soils usually converge towards higher leaf

mass per area, suggesting that this allows longer average

leaf life spans to cope with limiting resources (Niinemets

1999, 2001, 2010; Villar et al. 2013; Sperlich et al. 2015).

Oak trees (Quercus spp.) are adapted to drought-prone

sites by an ability either to avoid, or to tolerate, water

stress, or both (Corcuera et al. 2002; Niinemets 2015;

Gómez-Aparicio et al. 2008; Laureano et al. 2016). Gen-

erally, they have deep-penetrating root systems, enabling

them to maintain relatively high predawn water potentials

during drought (Fotelli et al. 2000; Mészáros et al. 2007).

Oaks have thick leaves and some have relatively small

stomata, both characteristics that favor high water-use

efficiency (Abrams 1990). Nonetheless, episodes of

drought-induced tree mortality have been recently

observed worldwide (Allen et al. 2010), including oak

forests (Haavik et al. 2015), as the Persian oak (Quercus

brantii Lindl. var. persica (Jaub and Spach) Zohary) in

Zagros Mountains (Hosseini et al. 2017). Persian oak

covers more than half of the Zagros forest area (west Iran),

representing the most important tree species of this region

(Hassanzad-Navroodi et al. 2015).

To better our understanding of forest response to current

climate change, we must investigate intraspecific variabil-

ity in leaf morphological and functional traits related to

drought tolerance, as well as their plasticity, in water-

limited environments (Ackerly et al. 2000; Fotelli et al.

2000; Garcı́a-Nogales et al. 2016). The ability to respond to

water shortage, by modifying leaf structural traits, may

confer drought tolerance by limiting water loss, maintain-

ing to some extent light-capture and increasing water-use

efficiency (McDowell et al. 2008). At the same time, bio-

chemical responsiveness of leaf physiology may also

indicate intra-specific drought responses.

The aim of this study was to investigate the relationships

between canopy dieback and morphological and ecophys-

iological leaf traits of Persian oak in the Zagros forests in

west of Iran. Specifically, we aim (1) to determine popu-

lation differentiation in leaf morphology, water content,

and pigments among Persian oak trees showing contrasting

canopy dieback; (2) to evaluate whether crown dieback is

related to esterase and peroxidase markers, as enzymatic

antioxidant defense and indicators of contrasting geno-

types; and (3) to discuss the extent to that intra-population

variation of these traits may provide estimates of its

potential to evolve by natural selection.

Materials and methods

Study area and sampling design

The research was performed in the forested area of the

Zagros Range in Shalam, located in the north of Ilam

province (Western Iran: latitude 36�310N, longitude

51�450E). The region has a Mediterranean climate, mainly

affected by westerly disturbances and the Azores High

during the cold (November–March) and warm (May–

September) seasons, resulting in a clear distinction between

a wet winter and a dry summer (Asakereh 2007). Precipi-

tation occurs during an eight-month period from October to

May with the maximum during December to March. Dur-

ing June to September, almost no effective precipitation

occurs (Supplementary Material, Fig. S1). The mean

annual temperature of the region is 16 �C; the mean annual

precipitation is 509 mm (Asakereh 2007).

The study area was mainly comprised by forests domi-

nated by Persian oak (Quercus brantii var. persica Lindl).

The bedrock was limestone and topography conditions at the

sampling sites were homogenous in slope, aspect, and ele-

vation. Crown conditions were evaluated using a crown-

dieback classification for each tree, conducted as follows: (1)

healthy: canopy damage (defoliation and browning) was less

than 5% of the crown length; (2) weak: canopy damage was

between 5 and 33% of the crown length; (3) moderate:

canopy damage was between 34 and 66% of the crown

length; and (4) severe: canopy damagewasmore than 66%of

the crown length (Kabrick et al. 2008; Hosseini et al. 2017).

We selected four tree replicates per canopy damage class

previously defined (a total of 16 trees were sampled). Within
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each selected tree, we sampled a representative amount of

sun-exposed leaves and 2-year-old branches, randomly

selected from the south aspect of the canopy. Thereafter, for

each tree, we randomly selected five leaves for morpholog-

ical traits, water status, and enzyme analysis; and three

leaves for chlorophyll and stomatal density. Two-year-old

branches were selected to ensure sampling full expanded

leaves and full primary-growth woody branches. We ran-

domly selected a total of 10 cm of 2-year-old branches per

tree for enzyme analyses. Samples were transferred to the

laboratory for further analysis of morphological traits and

physiological variables.

Foliar morphology, chemical analyses

and assessment of crown condition

Foliarmorphological traits weremeasured on fully expanded

leaves from the excised 2-year-old branches (Cornelissen

et al. 2003). We measured fresh weight (FW, g) and pro-

jected leaf surface area (LA, cm2) with a CI-202

portable laser leaf areameter (CIDBio-Science, Inc., Camas,

WA, USA), resolution of 0.1 mm.We oven-dried the leaves

at 70 �C for 24 h andweighed the leaves for dryweight (DW,

g). We then calculated the percentage of leaf WC as

[1 - (DW/FW)] 9 100. The relative leaf water content

(RWC) was calculated as follows: [(FW - DW)/(TW -

DW)] 9 100, where FW corresponds to the leaf fresh

weight, TW to the leaf turgid weight measured after 12 h of

incubation in deionized water at 4 �C in the dark, and DW to

the dry weight (24 h at 70 �C). Specific leaf area (SLA;

cm2 g-1) was calculated as the ratio of LA toDW. Leaf mass

per area (LMA; g m-2) was calculated as the ratio of DW to

LA (that is, 1/SLA; Cornelissen et al. 2003).

Chlorophyll a, chlorophyll b, total chlorophylls (a ? b),

and carotenoids were determined spectrophotometrically,

using 80% acetone as a solvent (Lichtenthaler 1987). For

quantitative measuring of peroxidase, leaves and 2-year old

branches were subjected to a chemical extraction process,

followed by optical density readings of the extract, at a

wavelength of 420 nm, in a spectrophotometer at the times of

20, 40, 60, 80, and 100 s (Hemeda and Kelin 1990). Average

activity of peroxidase per time unit was calculated following

Hemeda and Kelin (1990). Qualitative measuring of leaves

and 2-year old branches of peroxidase and esterase was

performed using vertical polyacrylamide gel electrophoresis

(PAGE) method (Hemeda and Kelin 1990). Bands that

emerged in each gel were photographed and iso-enzymatic

bands were drawn using Microsoft excel software.

Observation and quantification of the number of stomata

per surface unit (SD, mm-1) were performed using clear

lacquer and transparent adhesive tape (Smith et al. 1989).

Due to sclerophyllous leaves of Persian oak, we placed the

leaves in boiling water for 10 min to facilitate the

quantification of the number of stomata. After removing the

leaves from boiling water, we shaved 1 cm2 of the middle

part of the leaf and then sprayed the area with clear lacquer

(Halfords, Reddith, UK) and left it to dry for 20–25 min. A

leaf imprint was obtained with transparent adhesive tape and

then placed on a microscope slide (Ferris and Taylor 1994).

To count the number of stomata, the leaf impression was

observed in an optical microscope at 64 9 magnify.

Statistical analysis

The Kolmogorov–Smirnov and Levene tests were used to

assess normality and homoscedasticity, respectively. We

used one-way analysis of variance (ANOVA) for data

showing normal distribution of the residuals. The Kruskal–

Wallis test by rankswas usedwhen normal distribution of the

residuals might be not assumed, as a non-parametric method

(Kruskal andWallis 1952). Duncan’smultiple range test was

applied as a multiple comparison procedure that uses the

studentized range distribution to compare sets of means. The

procedure consists of a series of pairwise comparisons

between means, where each comparison is performed at a

significance level defined by the number ofmeans separating

the two means compared (Duncan 1955). Iso-enzymatic

band patterns of peroxidase and esterase, obtained by the

PAGE method in leaves and branches, were analyzed by

cluster analysis. Significance level was fixed for p B 0.05.

Statistical analyses were made with the SPSS 16.0 software

package for Windows (SPSS, Inc., Chicago, IL, USA).

Results

Leaf morphological traits in relation with crown

dieback

Both FW and DW showed no statistical differences among

crown dieback classes (Kruskal–Wallis test; Table 1). WC

and RWC were statistically lower in severely defoliated

trees, while LA was statistically lower in declining trees as

well as moderate and severely defoliated trees (Table 1).

SLA was statistically lower in moderate and severely

defoliated trees; as a consequence, LMA (that is, 1/SLA),

was statistically higher in those declining trees classes

(Table 1). Leaf pigments (chlorophyll a and b, and car-

otenoids) did not show statistical differences among crown

dieback classes (one-way ANOVA; Table 2). Stomatal

density was significantly higher in healthy trees, while

leaves and branches peroxidase concentrations did not

show not statically differences (Table 2).

Peroxidase and esterase bands obtained in leaves and

2 years old branches using vertical polyacrylamide gel

electrophoresis (PAGE) are illustrated in the Fig. 1. Due to
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the low concentration of the esterase enzyme in the sam-

ples, PAGE bands of esterase were not quantified, while

iso-enzymatic patterns of peroxidase in leaves (Fig. 2a)

and branches (Fig. 2b) were analyzed by cluster analysis.

Dendrogram obtained by average linkage showed irregular

grouping among the studied trees, according to crown

dieback classes (Fig. 3).

Discussion

Contrasting responses among declining and non-declining

trees have received increasing attention, mainly focused on

morphological and physiological response of tree species

to abiotic and biotic stressors (McDowell et al. 2008; Allen

et al. 2010; Gómez-Aparicio et al. 2008). Forest decline is

evident in symptoms such as loss of foliage, change in leaf

size and shape and foliage discoloration (Yannis and Kal-

liopi 2002; Munné-Bosch and Alegre 2000; Sardans et al.

2008). Field surveys in Zagros range have revealed

widespread decline symptoms in Persian oak trees,

including crown dieback and mortality (Hosseini et al.

2017), while an understanding of how and why forests

exhibit decline will depend on a detailed understanding of

the physiological basis.

Intraspecific variability in morphological and biochem-

ical traits (i.e., plasticity) might be theorized to be higher at

declining populations, since they seem to be exposed to

high environmental variability and stress, where adaptive

capacity could be advantageous (Pigliucci 2005; Atkins

and Travis 2010; Matesanz et al. 2010; Hoffmann and Sgrö

2011; Valladares et al. 2014).

Mediterranean trees acclimate to water deficits with

higher investments in structural compounds, thereby

increasing leaf density and succulence (Ogaya and

Peñuelas 2006; Poorter et al. 2009; Chaves et al. 2003).

Foliar traits are known to be good indicators for the ability

of drought-adapted species to respond to decreases in

rainfall under climate change (Niinemets and Keenan

2014; Sperlich et al. 2015). We would therefore expect that

Table 1 Means comparison of morphological leaf traits and water status in contrasting crown dieback classes of Persian oaks (n = 4 replicates

per class; 5 leaves per tree)

Variable Acronym Unit H P Healthy Means comparison (among classes)

Weak Moderate Severe

Fresh weight FW g 2.800 0.060 1.020 0.941 0.898 0.796

Dry weight DW g 1.230 0.746 0.574 0.573 0.568 0.550

Leaf water content WC % 2.941 0.050 43.780a 39.050ab 36.750ab 30.870b

Relative leaf water content RWC % 3.920 0.037 73.710a 72.840ab 67.420b 67.310b

Leaf area LA cm2 22.822 [ 0.001 38.830a 36.540b 34.330c 34.030c

Specific leaf area SLA cm2 g-1 5.589 0.049 67.705b 63.735ab 60.423a 61.843a

Leaf mass per area LMA g m-2 5.589 0.049 147.700b 156.900ab 165.500a 161.700a

Stomatal density SD mm-1 4.832 0.033 240.000a 198.670ab 164.000b 150.670b

Analysis of variance was done using the Kruskal–Wallis H test. Different letters indicate significant differences (p\ 0.05) for means comparison

among crown dieback classes

Table 2 Means comparison of leaf pigments, stomatal density, and

peroxidase and esterase enzymes in contrasting crown dieback classes

of Persian oaks (n = 4 replicates per class; 5 leaves per tree and

2-years-old branches, 10 cm length per tree, for peroxidase analyses;

3 leaves for chlorophyll and stomatal density)

F P Healthy Weak Moderate Severe

Chlorophyll a 0.624 0.613 14.180 12.820 12.320 11.620

Chlorophyll b 0.682 0.580 3.070 2.820 2.890 2.490

Carotenoids 0.534 0.668 34.740 30.980 34.090 28.950

Chlorophyll a/Chlorophyll b 1.937 0.177 4.650 4.550 4.620 4.260

Leaf peroxidase 2.517 0.108 0.003 0.003 0.003 0.002

Branch peroxidase 0.539 0.665 0.072 0.079 0.080 0.054

Analysis of variance was done by one-way ANOVA F test. Different letters indicate significant differences (p\ 0.05) for means comparison

among crown dieback classes
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declining trees show leaf traits associated to drought

(Valladares et al. 2014; Lázaro-Nogal et al. 2015). Sup-

porting this hypothesis, we found significant leaf traits

variation among trees with contrasting crown dieback

(Table 1).

Our results suggest that severe water deficit resulted in

increased leaf thickness and reduced LA and consequently

in higher LMA (Niinemets 1999). Individuals showing

moderate to severe defoliation showed ecophysiological

traits aimed at reducing evaporative water losses and

enhancing water-use efficiency, such as smaller LA, lower

SLA, higher LMA, and lower stomatal density (Table 1).

This intra-specific variability suggests that Persian oak is

able to adapt to the local conditions, as has been broadly

reported in water-limited environments (Ackerly et al.

2000; Wright et al. 2004). Our results suggest some degree

of plasticity in underlying morphological and physiological

traits, such as leaf mass area (LMA) and stomatal density,

which may be related to changing patterns in water-use

efficiency and root-to-leaf biomass ratio in severely defo-

liated Persian oak trees. Here, it should be hypothesized

that changing root-to-leaf biomass ratio results mostly from

increased leaf-shedding in response to drought (Chaves

et al. 2003).

Oak trees display a wide suite of leaf traits associated to

leaf life span (Abrams 1990; Reich et al. 1999; Fotelli et al.

2000; Niinemets 2015) and photosynthetic and respiration

rates, stomatal conductance, and nitrogen (Fotelli et al.

2000; Sardans et al. 2008; Garcı́a-Nogales et al. 2016). In

Mediterranean environments, sclerophyllous evergreen

oaks tend to dominate in habitats that are drier and poorer

in nutrients (Gómez-Aparicio et al. 2008; Laureano et al.

2016).

One way to understand tree adaptive capacity to drought

might be to explore leaf-trait relationships in different

crown dieback conditions. The ability to respond to water

shortage by modifying leaf structural traits may confer

drought tolerance by limiting water loss maintaining to

some extent light-capture (that is, increasing water use

efficiency; Quero et al. 2006; Garcı́a-Nogales et al. 2016).

At the same time, biochemical responsiveness of leaf

physiology may also indicate intra-specific drought

responses (Bussotti 2008).

Persian oak trees studied here responded plastically as

regards foliar morphology, suggesting that harshest

microsites seemed to have selected, through foliar traits, to

cope with water stress (Corcuera et al. 2002; Laureano

et al. 2008; Villar and Merino 2001; Aranda et al. 2005).

We postulate that foliar morphological traits are reliable

proxies for drought acclimation in Persian oak (Table 1).

According to several studies, the plasticity of leaf mor-

phology is generally higher than the plasticity of foliar

chemistry and assimilation rates over a wide range of

woody species (Niinemets 1999, 2001).

Nonetheless, there is also evidence about relatively low

response in structural leaf traits but a high one in

Fig. 1 Polyacrylamide

electropherograms of

peroxidase (a, b) and esterase

(c, d) extracted from leaves and

branches of Persian oak trees
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physiological traits induced by drought in Mediterranean

oak species (Aranda et al. 2005; Quero et al. 2006;

Ramı́rez-Valiente et al. 2010). It has been hypothesized

that some trees may have low ability to modify structural

leaf traits, which usually have a large ontogenetic com-

ponent, while they might show a high physiological

responsiveness to optimize water use efficiency under

drought conditions (but see Garcı́a-Nogales et al. 2016).

LMA is a fundamental trait in the carbon economy of

plants, representing the investment required per unit of leaf

area (Wright et al. 2002). Increasing LMA is considered as

an important strategy for plants living in resource-poor and

harsh environments, besides it is also usually associated

with low photosynthetic capacity (Reich et al. 1999 and

references therein). In our study, declining trees (i.e. those

likely to be located at the harshest microsites within the

population range) showed high values of LMA, while

stomatal density values were the lowest (Table 1). The

relationship found between LMA (that is, 1/SLA) and

crown dieback agrees with previous studies for several

species, reporting that LMA increases (SLA decreases) in

water-limited populations or individuals (Niinemets 1999

and references therein).

Higher LMA in evergreens is mainly due to a greater

leaf thickness, caused by a larger volume of mesophyll and

air spaces (Sperlich et al. 2015). As LMA increases, leaves

present usually thick cell walls, limiting the water loss by

transpiration (Bussotti 2008; Villar et al. 2013). On the

other hand, lower LMA, observed in healthy Persian oaks,

could be related to higher leaf cell-wall elasticity, allowing

a water-spending strategy, while higher LMA values

should reflect a water-saving strategy (i.e., increasing

water-use efficiency by foliar sclerophylly) of declining

Persian oak trees (Corcuera et al. 2002; Ogaya and

Penuelas 2006; Mészáros et al. 2007).

Increasing LMA is commonly related to higher values of

leaf thickness and carbon content, indicating a more scle-

rophyllic structure according to the drier conditions (Ni-

inemets 1999, 2010). Several studies have reported that

leaf carbon assimilation capacity per unit area increases

with increasing nitrogen content per unit area. Increases in

LMA bring about decreases in assimilative leaf compounds

and extensive modifications in leaf anatomy, increasing the

intercellular transfer resistance to CO2 (Reich et al. 1999;

Niinemets 1999, 2001, 2010; Wright and Cannon 2001).

As a consequence, foliar sclerophylly in declining Persian

oaks may explain the observed higher LMA, suggesting a

greater fraction of support tissues in the leaves in combi-

nation with declining N concentrations, limiting CO2 dif-

fusion thorough more densely packed mesophyll cells

(Quero et al. 2006; Sperlich et al. 2015).
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Fig. 2 Peroxidase bands obtained by polyacrylamide electrophero-

grams in leaves (a) and branches (b) of Persian oak trees with

contrasting crown dieback

Fig. 3 Dendrogram using average linkage (between groups) based on

peroxidase band patterns of leaves and branches of Persian oak trees

with contrasting crown dieback. Inset shows a picture illustrating

typical leaves and branches morphology of Persian oak. Source:

http://oaks.of.the.world.free.fr/quercus_brantii.htm
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In summary, higher LMA observed in declining trees

should be the result of more densely packed cells,

restricting CO2 diffusion within the leaf and lowering

mass-based photosynthetic rates (Niinemets 1999). These

trade-offs, between the investments in structural and

assimilative leaf compounds, may be limiting photosyn-

thetic capacity in declining trees, given that leaf N content

and photosynthetic capacity are positively correlated, and

N concentrations usually decreases with increasing LMA

(Reich et al. 1999; Wright and Cannon 2001). Neverthe-

less, we did not find significant differences in leaf pigments

(chlorophyll a and b, and carotenoids) among crown die-

back classes (Table 2).

Healthy Persian oak trees differed in leaf structure

(higher values for LA, SLA and SD), but similar chloro-

phyll concentrations and physiological activities (similar

values of peroxidase activity), compared with declining

trees subjected to the same local conditions of climate. As a

consequence, these healthy trees tend to have an efficient

deployment of leaf area per unit of biomass invested but

they might have higher nitrogen content per unit leaf area

(although N was not measured in this study), and conse-

quently, higher assimilation and respiration rates than

declining trees (Quero et al. 2006; Poorter et al. 2009;

Niinemets and Keenan 2014; Sperlich et al. 2015). Within

the intra-population variability, trees with a lower SLA,

like declining Persian oaks, trade growth efficiency for

persistence. Despite leaf toughness is likely energy

expensive, it may provide a canopy better able to withstand

physical damage and herbivores (Reich et al. 1999; Wright

et al. 2004).

Reduction of pigments content, as a result of either slow

synthesis or fast breakdown, has been considered as a

typical symptom of oxidative stress (Smirnoff 1993).

Higher ratio of chlorophyll a to chlorophyll b has been

related to stress, since chlorophyll a shows an important

role in photoprotection (Munné-Bosch and Peñuelas 2003).

Lower leaf chlorophyll concentrations were obtained in

declining sugar maple (Acer saccharum) trees, compared

with healthy trees, while observations made during the

diurnal cycle of both declining and healthy A. saccharum

stands showed no apparent leaf water stress (Liu et al.

1997). Larger inter-annual and within-canopy variability in

chlorophyll content was observed in Quercus petraea,

compared to more stable values observed in Quercus cer-

ris, which has been related to higher sensitivity to drought

(Mészáros et al. 2007). Besides Q. petraea had high rates

of photosynthesis even under very low leaf water potentials

(Yannis and Kalliopi 2002).

Our results support that drought stress do not induce a

significant decreases in leaves pigments, suggesting that

Persian oak trees are able to maintain accurate photo-

chemical efficiency (Munné-Bosch and Alegre 2000;

Bussotti, 2008; Laureano et al. 2008). Notwithstanding,

declining trees reduce leaf water content (WC and RWC,

Table 1) and stomatal density, suggesting a hydraulic

failure limitation (McDowell et al. 2008).

Nevertheless, as we discuss above, increasing LMA

looks to bring about decreases in assimilative leaf com-

pounds and extensive modifications in leaf anatomy that

may result in increases in intercellular transfer resistance to

CO2 (Poorter et al. 2009). Despite the fact that leaf area

reduction may be an effective mechanism to reduce tran-

spiring areas, it may also reduce overall carbon uptake in

declining trees (Niinemets and Keenan 2014). This

hypothesis is also supported by the lower leaf stomatal

density observed in declining Persian oak trees, compared

to the healthy ones. Persian oak trees might cope with

drought-reducing stomata density, which reduces transpi-

ration (Table 1). This finding appears contradictory within

anisohydric species, such as oak species from xeric

ecosystems, where leaf water potential declines as soil

moisture does with drought (Chaves et al. 2003). As a

result, mortality occurs in such plants species mainly by

hydraulic failure (Mc Dowell et al. 2008).

In addition to hydraulic failure, drought usually leads to

oxidative stress due to stomatal closure, which causes the

over-reduction of the photosynthetic electron chain and

high formation of reactive oxygen species (ROS) in

chloroplasts and mitochondria (Bussotti 2008; Laureano

et al. 2008; Ozkur et al. 2009). ROS may disrupt normal

metabolism of plants through oxidative damages to lipids,

proteins, nucleic acids, photosynthetic pigments, and

enzymes (Munné-Bosch and Peñuelas 2003; Ozkur et al.

2009). In order to overcome oxidative stress, plants have

developed enzymatic and non-enzymatic antioxidant

defense mechanisms, with peroxidases among the most

important antioxidant enzymes (Smirnoff 1993). Further-

more, non-enzymatic antioxidative carotenoids can also

quench ROS and stabilize photosynthetic complexes

(Munné-Bosch and Peñuelas 2003; Bussotti 2008).

Our results do not provide a consistent pattern regarding

peroxidase and esterase enzymatic antioxidant defense in

Persian oak (Table 2; Figs. 2, 3). On the one hand, esterase

concentrations were very low, precluding a significant

determination, while on the other hand, peroxidase showed

non-significant differences in activity among declining and

non-declining trees (Table 2). It also lacked a consistent

pattern in the obtained by polyacrylamide electrophero-

grams in leaves and branches (Fig. 3).

Contrasting leaf morphological traits observed in

declining Persian oak trees (severely defoliated), with

healthy ones, allows us to hypothesize that stressful con-

ditions (that led to tree decline) could be selected for

drought-adapted genotypes (Maherali et al. 2010; Atkins

and Travis 2010). To the extent to that phenotypic
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plasticity can play an important role in the performance of

populations under climate change, higher plasticity in

populations subjected to severe drought could confer

advantage to cope with the predicted increase in aridity and

climatic variability (Matesanz et al. 2010; Valladares et al.

2014; Lázaro-Nogal et al. 2015).

The utility of isozymes as genetic markers is generally

attributed to their frequent polymorphism, codominance,

and single gene-Mendelian inheritance (Bussotti 2008).

Enzymes with variable substrates, as peroxidase, generally

show high variability, but the amount of allozymic poly-

morphism might be related to environmental conditions

(Lázaro-Nogal et al. 2015). Although the selective neu-

trality of isozymes has been discussed, it should be highly

probable that they are adaptive under certain circumstances

(Atkins and Travis 2010). However, no evidence of genetic

variation for isozymes bands obtained by polyacrylamide

electropherograms in leaves and branches was found here

within the studied population of Persian oak.

Drought tolerance, like any other trait, may evolve by

natural selection, but this requires intra-specific adaptive

variability that must be related to fitness and genetically

based (Ackerly et al. 2000; Pigliucci 2005; Matesanz et al.

2010). Genetic variation determines the potential for evo-

lutionary response to selection in a specific trait, for

instance genetic variation for those plant physiological

traits related to drought tolerance (Atkins and Travis 2010;

Ramı́rez-Valiente et al. 2010; Lázaro-Nogal et al. 2015).

Lack of significant differences could be partially related to

forest decline process itself (Allen et al. 2010). Persian oak

forests might be underwent a process of decline leading to

smaller and isolated populations, where genetic drift,

founder events and population bottlenecks may erode

genetic variability and reduce phenotypic plasticity (Atkins

and Travis 2010). Moreover, these declining populations,

subjected to environmental stress, are subjected to a

tradeoff, where the relative metabolic cost of plasticity may

increase and exceed the benefits of maintaining adaptive

variability (Laureano et al. 2008; Chevin and Lande 2010;

Maherali et al. 2010; Ramı́rez-Valiente et al. 2010).

Conclusion

Variations in leaf structural variables were observed among

contrasting crown dieback of Persian oak trees. The current

analysis corroborates the already-known findings that leaf

morphology plasticity is generally higher than those of

foliar chemistry and assimilation rates. We attribute this

intra-species variability, observed here among trees with

contrasting crown dieback, to acclimation of foliar mor-

phology, although reported for several evergreen sclero-

phyllic species. Our results support that crown dieback is

linked to decreasing RWC and SD, suggesting mainly

hydraulic failure limitations, but previous studies also

indicates that these relationships may be critically affecting

carbon uptake, as photosynthetic compounds are less

effectively used in leaves with higher sclerophylly, possi-

bly because of higher diffusive resistance to CO2. No

evidence for variation in isozymes obtained by PAGE

suggests low evolutionary potential, which may limit future

responses of Persian oak to further selective pressures

associated with climate change. Despite the lack of intra-

population variation for leaves pigments and enzymatic

antioxidant, we found intra-population variation for mor-

phological leaf traits, leaves water content, and stomatal

density. Therefore, these traits could be subjected to evo-

lution by natural selection and thus allow for further

adaptations in Persian oaks.
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