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Abstract: Drought has serious effects on forests, especially semi‑arid and arid forests, around the
world. Zagros Forest in Iran has been severely affected by drought, which has led to the decline of the
most common tree species, Persian oak (Quercus brantii). The objective of this studywas to determine
the effects of drought on the anatomical structure of Persian oak. Three healthy and three declined
trees were sampled from each of two forest sites in Ilam Forest. Discs were cut at breast height, and
three sapwood blocks were taken near the bark of each tree for sectioning. The anatomical character‑
istics measured included fiber length (FL), fiber wall thickness (FWT), number of axial parenchymal
cells (NPC), ray number (RN), ray width (RW), and number of calcium oxalate crystals. Differences
between healthy and declined treeswere observed in the abundance ofNPC and in RN, FL, and FWT,
while no differences occurred in the number of oxalate crystals. The decline had uncertain effects
on the FL of trees from sites A and B, which showed values of 700.5 and 837.3 µm compared with
592.7 and 919.6 µm in healthy trees. However, the decline resulted in an increase in the FWT of trees
from sites A and B (9.33 and 11.53 µm) compared with healthy trees (5.23 and 9.56 µm). NPC, RN,
and RW also increased in declined individuals from sites A and B (28.40 and 28.40 mm−1; 41.06 and
48.60 mm−1; 18.60 and 23.20 µm, respectively) compared with healthy trees (20.50 and 19.63 mm−2;
31.60 and 28.30 mm−2; 17.93 and 15.30 µm, respectively). Thus, drought causedmeasurable changes
in the anatomical characteristics of declined trees compared with healthy trees.

Keywords: drought; tree decline; Quercus brantii; cellular characteristics; calcium oxalate crystals

1. Introduction
Ongoing global warming is increasing stress in most of the Earth’s ecosystems [1]. As

the duration, frequency, and intensity of droughts increase, forest productivity decreases
and tree mortality rates are expected to increase [2,3].

In forest ecosystems, trees are exposed to a combination of biotic and abiotic stres‑
sors that limit their growth potential [4]. Abiotic stressors such as drought weaken tree
response to environmental conditions, leading to further damage and, in extreme cases,
death [5]. In the last 20–30 years, the effects of climate change have led to an increase in
damage to forest ecosystems, reducing the adaptive capacity of plant communities in these
ecosystems [6]. Forest decline is a complex destructive phenomenon that leads to declining
tree growth and, over time, tree death [7]. The decline is often a result of extreme climatic
events, which can also lead to further damage caused by biotic factors [8].

In recent decades, the decline of oak species has been observed throughout theMediter‑
ranean region and is clearly related to dry seasons [9]. Zagros Forest, a semi‑arid region
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in western Iran, is the largest oak forest in the world with an area of more than 5 million
hectares, dominated by Persian oak (Quercus brantii L.) [10]. In this forest, oaks help to
store and regulate water resources, conserve soil, mitigate climate change, and improve
the socioeconomic conditions of human communities [11]. This forest is rich in biodiver‑
sity and provides habitat for numerous species of organisms. Since 2000, there have been
recurrent droughts in Iran, especially in Zagros Forest, which have led to the disturbing
death of trees, mainly Persian oaks. Drought is considered to be the most important influ‑
encing factor, followed by reduction in photosynthetic rate, reduction in annual growth
increment, weakening of trees, and invasion of fungi and wood beetles [12].

Correlating variations in wood structure and tree defense strategies could help to bet‑
ter understand plant performance, especially in the face of climate change [13,14]. The
plant cell wall, a complex macromolecular structure that surrounds and protects the cell
contents, is essential to plant survival. Under drought conditions, negative stresses increas‑
ingly occur in the xylem due to water stress, causing the thickness of nearby fiber walls to
prevent the vessels from imploding under the altered tension [15]. The fluctuations in cli‑
matic conditions affect trees and lead to permanent records in the xylem tissue. Therefore,
trees can easily be considered as reliable natural documents that reveal past environmental
events [16,17]. The xylem parenchymal cells are important for facilitating water conduc‑
tion, serving as a water reservoir to prevent embolisms and providing osmotic agents to
aid in the repair of embolisms [18]. The functions of the parenchyma (axial and ray cells)
are (a) storage of water, nonstructural carbohydrates, andmineral elements [19–21]; (b) de‑
fense system against decay fungi andpathogens [22]; (c) aid in the transition from sapwood
to heartwood [23]; and (d) biomechanical contributor, especially the ray parenchyma [24].

Calcium oxalate crystals form in the cells of many plant species, both monocotyle‑
donous and dicotyledonous plants [25], and their functions include balancing the ionic
balance, protecting and defending the plant, and detoxifying potentially harmful chemi‑
cals [26–28]. Serdar and Demiray [29] reported an abundance of intracellular crystals with
different shapes in three different oaks from Turkey.

Despite the key role of the parenchyma in tree functioning, there is little research on
the changes that occur in wood parenchymal cells in response to potential factors that af‑
fect their abundance. Morris et al. [30] found that an increase in the average number of
parenchymal cells in the xylem occurred as a result of the increase in the annual air tem‑
perature. The effect was more pronounced in regions with average annual temperatures
above 16 ◦C. In cold regions, where the total number of parenchymal cells in wood is lower
than in the tropics, the role of the parenchyma as a defensive tissue may have a higher pri‑
ority than other functions [31].

In recent decades, Persian oak forests have shown symptoms of a new phenomenon
known as oak decline, most likely caused by drought stress [32]. Understanding the re‑
sponses of trees to drought could be considered an interesting and active discipline of
plant science research [33].

In the absence of specific information on changes in the cell anatomical structure of
wood fibers and axial and ray parenchymal cells during drought stress, thework described
in this article could provide valuable insights into this aspect of tree–environment interac‑
tions. Because all components of wood tissue may respond differently to environmental
stress, we hypothesized the role of wood parenchymal cells and the changes in fiber and
cell crystal properties during tree response to prolonged drought.

2. Results
2.1. Fiber Biometric Characterization
2.1.1. Fiber Length (FL)

The differences in FL in trees from the two sites and site×decline interactions were
significant (p < 0.01) in sapwood samples collected near the bark (Table 1). Regarding siteA,
FL was significantly greater in sapwood near the bark in declined trees (700.5 µm) than in
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healthy individuals (592.7µm). In sapwood tissue samples from site B, FLwas significantly
shorter in dying trees (837.3 µm) than in healthy trees (p < 0.05) (919.6 µm; Figure 1A).

Table 1. Summary of two‑way ANOVA of wood anatomical variables in sapwood of healthy and
declined Quercus brantii affected by drought stress.

Mean Square

Source of Variation df FL (µm) FWT (µm) NPC (mm−1) RN (mm−1) RW (µm) NC (mm−2)

Decline 1 0.206 ns 37.899 ** 113.733 ** 142.474 ** 21.338 ** 0.500 ns

Sites 1 67.690 ** 43.954 ** 0.308 ns 2.882 ns 1.125 ns 135.380 **

Decline × Sites 1 11.384 ** 4.686 * 0.308 ns 18.871 ** 15.213 ** 0.30 ns

Error 116 23,817,771 7.283 18.318 46.643 25.795 22.830
FL, fiber length; FWT, fiber wall thickness; NPC, number of axial parenchymal cells; RN, ray number; RW, ray
width; NC, number of crystals. * The mean difference was significant at the 0.05 level. ** The mean difference
was significant at the 0.01 level. ns, non‑significant.

Plants 2022, 11, x FOR PEER REVIEW 3 of 14 
 

 

2.1.1. Fiber Length (FL) 
The differences in FL in trees from the two sites and site×decline interactions were 

significant (p < 0.01) in sapwood samples collected near the bark (Table 1). Regarding site 
A, FL was significantly greater in sapwood near the bark in declined trees (700.5 μm) than 
in healthy individuals (592.7 μm). In sapwood tissue samples from site B, FL was signifi-
cantly shorter in dying trees (837.3 μm) than in healthy trees (p < 0.05) (919.6 μm; Figure 
1A). 

Table 1. Summary of two-way ANOVA of wood  anatomical variables in sapwood of healthy and 
declined Quercus brantii affected by drought stress. 

  Mean Square   
Source of Variation df FL (µm) FWT (µm) NPC (mm−1) RN (mm−1) RW (µm) NC (mm−2) 

Decline 1 0.206 ns 37.899 ** 113.733 ** 142.474 ** 21.338 ** 0.500 ns 

Sites 1 67.690 ** 43.954 ** 0.308 ns 2.882 ns 1.125 ns 135.380 ** 
Decline × Sites 1 11.384 ** 4.686 * 0.308 ns 18.871 ** 15.213 ** 0.30 ns 

Error 116 23,817,771 7.283 18.318 46.643 25.795 22.830 
FL, fiber length; FWT, fiber wall thickness; NPC, number of axial parenchymal cells; RN, ray num-
ber; RW, ray width; NC, number of crystals. * The mean difference was significant at the 0.05 level. 
** The mean difference was significant at the 0.01 level. ns, non-significant. 

  

  

  

Figure 1. Boxplots of wood anatomy (A) FL, fiber length; (B) FWT, fiber wall thickness; (C) NPC, 
number of axial parenchymal cells; (D) RN, ray number; (E) RW, ray width; (F) NC, number of 
crystals) of sapwood from declined and healthy Quercus brantii from two sites in Iran. Site A, Dareh-
shahr; site B, Ilam. Vertical bar above each column represents standard deviation. Lowercase letters 

C 
D 

Figure 1. Boxplots of wood anatomy (A) FL, fiber length; (B) FWT, fiber wall thickness; (C) NPC,
number of axial parenchymal cells; (D) RN, ray number; (E) RW, ray width; (F) NC, number of
crystals) of sapwood from declined and healthyQuercus brantii from two sites in Iran. Site A, Dareh‑
shahr; site B, Ilam. Vertical bar above each column represents standard deviation. Lowercase letters
in the boxes indicate significant differences between declined and healthy trees from the two sites
(Duncan’s multiple range test). The same letters indicate no significant differences (p < 0.05).
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2.1.2. Fiber Wall Thickness (FWT)
The effects of decline, site, and their interaction on FWT were significant (p < 0.01) in

sapwood adjacent to the bark (Table 1). FWTwas significantly higher (p < 0.05) in declined
trees from sites A and B (9.33 µm and 11.53 µm, respectively) than in healthy trees from
the two sites (5.23 µm and 9.56 µm; Figure 1B).

2.1.3. Number of Axial Parenchymal Cells (NPC)
Decline had significant effects on theNPC (p < 0.01) in sapwood near the bark (Table 1).

The NPC in fallen trees from sites A and B (28.4 and 28.4 mm−2, respectively) was higher
than that in healthy trees (20.5 and 19.6 mm−2; Figure 1C).

2.1.4. Ray Number (RN)
The effects of decline and site×decline interaction on the RN were significant in sap‑

wood near the bark (p < 0.01; Table 1). The RN was significantly higher in the sapwood of
declined trees (41.06 and 48.60 mm−2) than in healthy trees (31.60 and 28.30 mm−2) from
the two sites (Figure 1D).

2.1.5. Ray Width (RW)
RW in sapwood was significantly affected by decline (p < 0.01); interactions between

decline and site also showed a significant effect on RW (p < 0.01; Table 1). RW was sig‑
nificantly higher (p < 0.01) in declined trees (23.20 µm) than in healthy trees (15.30 µm) in
sapwood near the bark of trees from site B, but no significant differences were observed
between declined and healthy trees from site A (Figure 1E).

2.1.6. Number of Crystals (NC)
Crystals were only observed in ray parenchymal cells. Differences in the NC between

sites were significant (p < 0.05) in sapwood near the bark (Table 1). The NC in declined
wood was higher in healthy trees (p < 0.05) from the two sites (Figure 2). In addition, the
highest NC was observed in a sample from site A (Figure 1F).
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Figure 2. Frequency of crystals in the cells of the ray parenchyma of tangential sections in declined
Persian oak wood from two different sampling sites: (A) Dareh‑shahr, with high numbers, and
(B) Ilam, with low numbers of crystals. Yellow arrows indicate crystals. Scale bar = 75 µm.

2.1.7. Principal Component Analysis (PCA)
The first and second axes of the PCA explained approximately 34.7 and 28.0% of the

variance in sapwood from healthy and declined Quercus brantii affected by drought stress
at the two sites. For declined oak trees in Dareh‑shahr, the most important variables were
FWT, RW, RN, and NPC, and the most important trait of healthy trees from the Ilam site
was FL. Similarly, in declined trees from the Ilam site, the most important trait was the
NC. It was investigated that drought‑affected oaks from both climatic regions could be
distinguished from healthy trees based on the anatomical characteristics. The RW, RN,
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and NPC traits were significantly more distinct and common in declined oak trees than in
healthy trees from both the Dareh‑shahr and Ilam sites (Figure 3; Table 2).
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Figure 3. Principal component analysis (PCA) biplot based on correlation matrix of declined and
healthy Quercus brantii. ▲ Declined trees from Dareh‑shahr; △ healthy trees from Dareh‑shahr;
• declined trees from Ilam; ◦ healthy trees from Ilam. Arrows with narrow angles from the axis
indicate strong correlations, while a right angle indicates no correlation. The length of the arrow is a
measure of the relative importance of the variables. FL, fiber length; FWT, fiber wall thickness; NPC,
number of axial parenchymal cells; RN, ray number; RW, ray width; NC, number of crystals.
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Table 2. Wood anatomical traits used in the principal component analysis (PCA) on sapwood of
healthy and declined Quercus brantii affected by drought stress.

Trait
Component

Axis 1 Axis 2

FL (µm) −0.746 ** 0.167 ns

FWT (µm) −0.644 ** −0.315 *

NPC (mm−1) −0.237 ns 0.770 **

RN (mm−1) −0.280 ns −0.748 **

RW (µm) −0.170 ns −0.643 **

NC (mm−2) 0.804 ** −0.291 ns

Eigenvalues 2.431 1.962

% of variance 34.730 28.031
FL, fiber length; FWT, fiber wall thickness; NPC, number of axial parenchymal cells; RN, ray number; RW, ray
width; NC, number of crystals. * The mean difference was significant at the 0.05 level. ** The mean difference
was significant at the 0.01 level. ns, non‑significant.

3. Discussion
Drought, as a severe environmental condition, affects tree growth [34]. To reduce

water loss and adapt to drought, some typical changes in physiological processes occur,
such as stomatal closure, reduction in photosynthetic assimilation, and cessation of leaf
and shoot growth [35]. In addition, Soheili et al. [32] found that the number of earlywood
vessels in Persian oaks decreased due to tree decline. These conditions greatly reduce cam‑
bial activity and result in strong inhibition of radial growth. This reduction in tree growth
is known to be a result of reduced auxin levels [36]. As a result, the growth of the tree stem
diameter decreases. As noted by Nola et al. [37], among angiosperms, the genus Quer‑
cus is more sensitive to drought than other species. This suggests that they may be less
competitive under drier conditions in the future.

The influence of drought stress on changes in the anatomical characteristics ofQuercus
brantiiwoodwas studied to determine the effects on living parenchymal cells in sapwood, a
subject that has received little attention in the past. The results of this work provide amore
solid basis for establishing a functional hypothesis about the role of the parenchyma in
wood and the changes in fiber and cell crystal properties during tree response to drought.

Cell wall architecture is important for stress resistance in plants [38,39]. Cell wall syn‑
thesis is a flexible component of plant anatomy that can be altered to better copewith the ef‑
fects of fluctuating biotic and abiotic factors [40]. In thiswork, according to the FL and FWT
values, fibers in sapwood near the bark were shorter and thicker, respectively, in declined
trees than in healthy trees (Figures 1A,B and 3). This could lead to higher wood density in
declined Persian oaks, as reported in our last publication (Soheili et al. [32]). Previous pub‑
lications [41,42] suggested that smaller anatomical structures (small‑ diameter vessels and
thinner cell walls) in groups of weakened and dead ash trees (Fraxinus spp.) and Quercus
brantiiwere due to low activity during the differentiation of the cambium into wood cells.
The diameter of earlywood vessels and the area of earlywood vessels were also reduced
in Persian oak affected by decline [32]. In addition, Hacke [43] and Wildhagen et al. [44]
found that new xylem cells with thicker walls formed under drought compared with un‑
affected wood. The thickening of cell walls under drought is an important response to
improve cell stability and prevent their collapse when pressure on the hydraulic system
increases [45].

Environmental stresses such as drought duringwood formation affect the size of cells
formed subsequently by affecting the rate of cell division and expansion [46]. These phys‑
iological changes can sometimes help the plant to adapt to new conditions [47,48]. Naji
and Taher Pour [49] stated that abiotic stress, such as a dust storm, can cause significant
changes in wood structure, especially fiber properties, in seedlings of Persian oak. Based
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on the hypothesis that environmental stress can disrupt the hormonal regulation of wood
formation as well as the tree’s ability to conduct water [50], it was hypothesized that envi‑
ronmental stress during wood formation leads to structural changes and thus changes in
plant properties.

Living parenchymal cells found in the secondary xylem of woody plants can provide
a dynamic response to xylem infection and mechanical damage. Furthermore, their role is
critical to our understanding of tree defense mechanisms [51]. The xylem parenchyma is
known to be a storage compartment in cells [52]. In addition, cells of the ray parenchyma
are an important component for the radial water transport between phloem and xylem
and for the storage of water, carbohydrates, and other nutrients [53]. Our results suggest
that stem ray parenchymal cells respond to long‑term environmental conditions such as
climate change [54]. Parenchymal cell count (axial and ray) and ray width were greater in
declined trees than in healthy trees from the two sites (Figures 1C–E and 3), consistently
with the results of previous work on Ulmaceae [55–57]. von Arx et al. [54] found that
the abundance of ray parenchymal cells in wood tissue may reflect tree vigor and defense
against stress. They are able to transport more nutrients to strengthen the tree.

The role played by parenchymal cells in relation to tree hydraulics and their involve‑
ment in tree defense strategy against pathogens is not clearly understood, especially since
the two responses are interrelated. Parenchymal cells can indirectly prevent the invasion
of decay fungi, for example, by separating air‑filled vessels. The associated woody cells
can act as a buffer zone by refilling emboli in the vessels or creating a continuous flow
of water in the otherwise compromised xylem [58–60]. Tyloses, as balloon‑like swellings
that usually formwhen adjacent parenchymal cells invade dead vascular cells, are a conse‑
quence of biotic/abiotic stress in trees, especially in ring‑porous species with wide vessels
such as oaks [61]. This phenomenon was greatly increased in declined Persian oaks when
they were affected by drought [32].

Another possible reason for the increase in the average number of axial parenchymal
and ray parenchymal cells in the woody tissues of declined trees could be related to the
accumulation of antimicrobial compounds such as phytoalexins or phenolic compounds
and the deposition of suberin to prevent the spread of fungi [62].

Calcium oxalate crystals (CaOx) are widely distributed in flowering plants, indicating
an important role in growth and development processes. It should be noted that Table 1
and Figure 1F show no significant effects of decline on the frequency of crystals in the sap‑
wood of healthy and declined trees. Figure 2 shows the frequency of crystals in the ray
parenchyma cells of declined trees from two different sampling sites. An abundance of
crystalswas also observed in biotically stressed trees. Previous research has shown that the
deposition of calcium oxalate crystals is high in the parenchymal cells of trees affected by
biotic stress such as wood‑destroying fungi [63,64]. Figures 1F and 2 show that the differ‑
ences in the NCwere highly related to the site and not to the effects of drought. Therefore,
the causes of the differences in the NC between the different sites could have been due to
the differences in the elemental mineral content of the soil or in the soil chemistry [65].

4. Conclusions
Xylem traits help to better understand and predict woody plant responses to climate

change on local and global scales. They may also provide an answer to some questions
about tree response and performance to changing environmental conditions. Drought
stress has major destructive effects on Persian oak (Quercus brantii) in Zagros Forest in
Iran. Therefore, thework presented here investigated the changes inwood anatomy result‑
ing from drought stress. Previous work on drought‑stressed Q. brantii has not quantified
the effects of this abiotic problem on anatomical characteristics. In general, a decrease in
fiber length and an increase in fiber wall thickness were observed in declined wood near
the bark. In addition, the number of axial parenchymal and ray parenchymal cells, and
the width of the rays were greater in the sapwood of samples from declined trees than in
healthy trees. A large number of crystals were present in the ray parenchyma of sapwood
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sampled immediately adjacent to the bark, although there were no quantitative differences
between declined and healthy trees. Further research combining physiology, morphology,
and molecular techniques is needed to better understand the role of the variables studied
in this work on tree defense and to evaluate the possible role in resistance to biotic and
abiotic stresses. In addition, these results can be used as basic information on the effect of
drought stress on anatomical changes in Q. brantii, and tree responses and adaptations to
environmental stress in the future.

5. Material and Methods
5.1. Study Areas

This study was conducted on Persian oak trees (Quercus brantii), both healthy individ‑
uals and those affected by drought stress, from two forest sites: Dareh‑shahr and Ilam in
Zagros Forest, Ilam Province, western Iran (Figure 4). The forest sites are dominated byQ.
brantii [66]. The main characteristics of the study sites, and the precipitation and tempera‑
ture data from the nearestmeteorological station [67] are tabulated in Table 3. Furthermore,
the warmest and coldest months at all three sites are August and January, respectively.
The climate classification based on the De Martonne Aridity Index (IDM) is also shown in
Table 3.

1 

 

 
 

 

 

Figure 4. The locations of sampled forests stands on Ilam map, western Iran.

Table 3. Main characteristics of the study sites and the precipitation and temperature data from the
nearest meteorological station.

Forest Site Altitude (m) Longitude Latitude A.M.P
(mm) A.M.T (◦C) Max. T Min. T Aridity I. Soil Type

Dareh‑shahr
(A) 933 33◦3′30′ ′ N 47◦19′30′ ′ E 465.1 19.5 44.7 2.6 Semi‑arid

(16.48)
Sand‑
loamy

Ilam
(B) 1680 33◦43′03′ ′ N 46◦14′36′ ′ E 582.2 16.9 36.8 0.6 Mediterranean

(21.65)
Loam‑clay‑
sandy

A.M.P., Annual Mean Precipitation; A.M.T., Annual Mean Temperature; Max. T., Maximum Monthly Temper‑
ature; Min. T., Minimum Monthly Temperature; Aridity I.; De Martonne Aridity Index. The values inside the
parentheses show the DeMartonne Aridity Index. A.M.P andA.M.T are, respectively, themean annual precipita‑
tions and temperatures for a period of 33 years from 1986 to 2018. Max. T andMin. T. are, respectively, the mean
temperatures in the hottest and coldest months for a period of 33 years from 1986 to 2018 (Ilam Meteorological
Bureau, 2018). Soil types were reported by Menati et al. [68].

The severity and duration of drought stress were determined using the Standardized
Precipitation Index (SPI), as shown in Figure 5. According to Figure 5, the drought began
in 2000, and the index was negative and below normal in most years, indicating moderate‑
to‑severe drought.
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Figure 5. Standardized Precipitation Index (SPI) showing the severity and period of drought at the
two sampling sites of Dareh‑shahr (A) and Ilam (B).

5.2. Sampling Method
Due to the protected status of Zagros Forest, the number of trees we could sample

from each stand was limited. For the declined trees, sampled discs were taken from the
trunks of some trees that had been cut by the Department of Natural Resources of Ilam
Province as part of a plan to removedamaged trees from the forest. Three healthy and three
completely declined trees were sampled from each stand, i.e., the declined and healthy
trees were cut from the same stand. A total of 12 trees with diameters at breast height
(DBHs) of 30–40 cm were selected from two stands (see Table 3). To avoid the comparison
of individual trees of different sizes and ages, trees were taken from a narrow range of
DBHs. A disc approximately five‑centimeter thickwas taken from each fallen tree at breast
height for further study. The discs from declined trees were cut with a chainsaw and then
sanded using a flat sanding machine (Makita BO4901). More information on the sampling
method can be found in our published paper in the journal Forests [32]. The study areas and
materials of the currentworkwere similar to those in the publishedworkmentioned above,
but the difference between the two was in the number of trees selected for the study. In
the study by Soheili et al. [32], we measured some microstructures such as tree ring width,
vessel characteristics, and wood density in declined trees to compare the variations in the
radial direction from bark to pith; therefore, only six declined trees were selected for the
study. However, in the present study, three healthy and three declined trees were chosen
from each site for themeasurement of the variables explained here. Since this is a protected
forest and we did not have permission to fell healthy trees, some core samples were taken
with an increment borer (HAGLÖF SWEDEN®®) from each tree at breast height.

5.3. Sample Preparation for Microscopic Investigation
Three small blocks of sapwood attached to the bark, approximately 1 × 1 × 1 cm in

size, were cut radially from each disc. Each sample block contained nearly 3–4 annual
growth rings. The blocks were labelled with the tree number, location, and class of decline
and were fixed in classic fixative FAA according to Ruzin [69] (formaldehyde: ethanol
alcohol 95%: Acetic acid; 10%:50%:5% + 35% doubled distilled water). Immediately prior
to sectioning, the blocks were softened by heating to 60 ◦C for 24 h in an oven (Tehran STR).

5.4. Wood Sample Processing and Variable Measurement
Wood sectionswere preparedwith no embedding according to the standard protocols

by Gartner and Schweingruber [70]. Tangential sections with a thickness of 15–20 µmwere
prepared using a rotarymicrotome (POOYANMK 1110, Binalood, Iran). Due to the strong
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influence of drought on the trees, the growth ringswere narrow; therefore, both earlywood
and latewood were included in the tangential sections. Sections were stained with 0.1%
(w/v) aqueous safranin (Safranin O; Sigma Aldrich, England) for 5–10 min, rinsed three
times in distilled water, and dehydrated with an ethanol series of 60%, 85%, 95%, and ab‑
solute for approximately 15 min each. The dehydrated sections were fixed on glass slides
with Canada balsam [71] and examined under a light microscope (Olympus, CX22LED;
Japan) at 100× and 400× magnifications. The report of magnifications in the text are
based on the total magnification of ocular and objective lenses. Images were taken with
a digital camera connected to a computer. Measurements were performed using Mosaiv
ver. 2.0 software (True Chrome metrics, China). The number of axial parenchymal cells
(NPC mm−1), the number of rays (RN mm−1), ray width (RW µm), and the number of
crystals (NC mm−2) were measured following the IAWA committee (1989) guidelines in
both healthy and declined trees at a magnification of 100×. Crystals were distributed in
both ray parenchymal cells and axial parenchymal cells. The number of crystals varied in
the cells, as most cells contained no crystals, while some cells had at least one and more.
In addition, we considered the number of crystals for counting, and the measurement was
performed in fields with an area of 1 mm2. The fields for measuring the crystals in the
parenchymal cells were centered on the locations of sections with no care. This was re‑
peated in some fields to cover all parts of the section [72]. Due to the spindle shape of the
ray parenchymal cells, the width was measured in the middle part of the rays. The axial
and ray parenchymal cells were measured individually, with 60 counts for each site.

To measure fiber length (FL) and fiber wall thickness (FWT), matchstick‑sized pieces
of wood were removed from each block with a sharp blade and macerated in a solution
of 1.5 g of sodium chlorite in 25 mL of distilled water with 8 drops of glacial acetic acid.
The mixture was then placed in a bain‑marie water bath at 80 ◦C for approximately 24 h.
The suspension was carefully rinsed several times in distilled water before five drops of
Safranin O were added. The free wood fibers were mounted on slides in 30% glycerol and
then examinedwith an Olympusmicroscope at 100× and 400×magnifications to measure
FL and FWT, respectively. Tip‑to‑tip lengths of undamaged, intact fibers were digitized
for measurement. In total, measurements were based on 60 cells in 10 standard fields with
an observation area of 1 mm2 for each site.

5.5. Statistical Analysis
First, we performed the Shapiro–Wilk and Levene’s tests to determine whether us‑

ing ANOVA or non‑parametric equivalents. The results showed that the dependent vari‑
ables were normally distributed and that the variances were homogenous. To examine
the separate and combined effects of the factors of the two sites (A and B) and the sever‑
ity of decline (healthy and declined trees) on the dependent variables, we used two‑way
ANOVA andDuncan’s multiple comparison test methods. Themeans and standard errors
of wood anatomical characteristics between declined and healthy trees from the two sites
were calculated. The SPSS ver. 21 statistical software package was used for all statistical
analyses. Principal component analysis (PCA) based on the correlation matrix using PC
‑Ord version 5.0 was used to examine multivariate correlations (i.e., relationships among
wood anatomical characteristic traits of declined and healthy trees from the two sites).

Author Contributions: F.S. and H.R.N. carried out the conceptualization of the experiment and
wrote the manuscript with support from S.W.; I.A., M.H., and A.T. performed the computations
and verified the analytical methods; H.A.‑H. confirmed the methodology and helped to supervise
the project. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ilam University, grant number 805‑1397‑12.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated for this study are available at: 10.6084/
m9.figshare.21438231 (accessed on 30 October 2022).



Plants 2023, 12, 377 11 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References
1. IPCC. Summary for policymakers. In Climate Change: The Physical Science Basis. Contribution of Working Group I to the Fifth

Assessment Report of the Intergovernmental Panel on Climate Change; Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K.,
Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M., et al., Eds.; Cambridge University Press: Cambridge, UK; New York,
NY, USA, 2013.

2. Allen, C.D.; Macalady, A.K.; Chenchouni, H.; Bachelet, D.; McDowell, N.; Vennetier, M.; Kitzberger, T.; Rigling, A.; Breshears,
D.D.; Hogg, E.T.; et al. A global over‑view of drought and heat‑induced tree mortality reveals emerging climate change risks for
forests. For. Ecol. Manag. 2010, 259, 660–684. [CrossRef]

3. Carnicer, J.; Coll, M.; Ninyerola,M.; Pons, X.; Sanchez, G.; Penuelas, J.Widespread crown condition decline, foodweb disruption,
and amplified tree mortality with increased climate change‑type drought. Proc. Natl. Acad. Sci. USA 2011, 108, 1474–1478.
[CrossRef]

4. Ramegowda, V.; Senthil‑Kumar, M. The interactive effects of simultaneous biotic and abiotic stresses on plants: Mechanistic
understanding from drought and pathogen combination. J. Plant Physiol. 2015, 176, 47–54. [CrossRef]

5. Garrett, K.; Dendy, S.; Frank, E.; Rouse, M.; Travers, S. Climate change effects on plant disease: Genomes to ecosystems. Annu.
Rev. Phytopathol. 2006, 44, 489–509. [CrossRef] [PubMed]

6. Lindner, M.; Maroschek, M.; Netherer, S.; Kremer, A.; Barbati, A.; Garcia‑Gonzalo, J.; Seidl, R.; Delzon, S.; Corona, P.; Kolströma,
M.; et al. Climate change impacts, adaptive capacity, and vulnerability of European forest ecosystems. For. Ecol. Manag. 2010,
259, 698–709. [CrossRef]

7. McLaughlin, S.B.; Downing, D.J.; Blasing, T.J.; Cook, E.R.; Adams, H.S. An analysis of climate and competition as contributors to
decline of red spruce in high elevation Appalachian forests of the eastern United States. Oecologia 1987, 72, 487–501. [CrossRef]
[PubMed]

8. Colangelo, M.; Camarero, J.J.; Borghetti, M.; Gentilesca, T.; Oliva, J.; Redondo, M.A.; Ripullone, F. Drought and Phytophthora
are associated with the decline of oak species in southern Italy. Front Plant Sci. 2018, 9, 1595. [CrossRef]

9. Desprez‑Loustau, M.L.; Marçais, B.; Nageleisen, L.M.; Piou, D.; Vannini, A. Interactive effects of drought and pathogens in forest
trees. Ann. For. Sci. 2006, 63, 597–612. [CrossRef]

10. Sagheb‑Talebi, K.; Sajedi, T.; Yazdian, F. Research Institute of Forests and Rangelands. For. Res. Div. 2004, 339, 28.
11. Salehi, A.; Karltun, L.C.; So¨derberg, U.; Eriksson, L.O. Livelihood dependency on woodland resources in southern Zagros, Iran.

Casp. J. Environ. Sci. 2010, 8, 181–194.
12. Tongo, A.; Jalilvand, H.; Hosseininasr, M.; Naji, H.R. Leaf morphological and physiological variations in response to canopy

dieback of Persian Oak (Quercus brantii Lindl.). For. Pathol. 2021, 51, 12671. [CrossRef]
13. Aitken, S.N.; Yeaman, S.; Holliday, J.A.; Wang, T.; Curtis‑McLane, S. Adaptation, migration or extirpation: Climate change out

comes for tree populations. Evol. Appl. 2008, 1, 95–111. [CrossRef] [PubMed]
14. Sturrock, R.N.; Frankel, S.J.; Brown, A.V.; Hennon, P.E.; Kliejunas, J.T.; Lewis, K.T.; Worrall, J.J.; Woods, A.J. Climate change

and forest diseases. Plant Pathol. 2011, 60, 133–149. [CrossRef]
15. Baas, P.; Ewers, F.W.; Davis, S.D.; Wheeler, E. A. The evolution of xylemphysiology. InThe Evolution of Plant Physiology; Hemsley,

A.R., Poole, I., Eds.; Academic Press: London, UK, 2004; pp. 273–295.
16. Bradley, R.S. Natural archives, changing climates. Science 2011, 7, 21–25. [CrossRef]
17. Pandey, S. Climatic infuence on tree wood anatomy: A review. Wood Sci. 2021, 67, 24. [CrossRef]
18. Braun, H.J. The significance of the accessory tissues of the hydrosystem for water shifting as the second principle of water ascent,

with some thoughts concerning the evolution of trees. IAWA Bull. 1984, 5, 275–294. [CrossRef]
19. Trockenbrodt, M. Calcium oxalate crystals in the bark of Quercus robur, Ulmus glabra, Populus tremula and Betula pendula. Ann.

Bot. 1995, 75, 281–284. [CrossRef]
20. Pfautsch, S.; Renard, J.; Tjoelker, M.G.; Salih, A. Phloem as capacitor: Radial transfer of water into xylem of tree stems occurs

via symplastic transport in ray parenchyma. Plant Physiol. 2015, 167, 963–971. [CrossRef]
21. Plavcová, L.; Jansen, S. The role of xylemparenchyma in the storage and utilization of non‑structural carbohydrates. In Functional

and Ecological Xylem Anatomy; Hacke, U.G., Ed.; Springer: Basel, Switzerland, 2015; pp. 209–234. [CrossRef]
22. Deflorio, G.; Johnson, C.; Fink, S.; Schwarze, F.M.W.R. Decay development in living sapwood of coniferous and deciduous trees

inoculated with six wood decay fungi. For. Ecol. Manag. 2008, 255, 2373–2383. [CrossRef]
23. Nawrot, M.; Pazdrowski, W.; Szymanski, M. Dynamics of heart‑wood formation and axial and radial distribution of sapwood

and heartwood in stems of European larch (Larix deciduaMill.). J. For. Sci. 2008, 54, 409–417. [CrossRef]
24. Reiterer, A.; Burgert, I.; Sinn, G.; Tschegg, S. The radial reinforcement of the wood structure and its implication on mechanical

and fracture mechanical properties—A comparison between two tree species. J. Mater. Sci. 2002, 37, 935–940. [CrossRef]
25. Nakata, P.A. Plant calcium oxalate crystal formation, function, and its impact on human health. Front. Biol. 2012, 7, 254–266.

[CrossRef]
26. Franceschi, V.R.; Horner, H.T. Calcium oxalate crystals in plants. Bot. Rev. 1980, 46, 361–427. [CrossRef]
27. Ruiz, N.; Ward, D.; Saltz, S. Responses of Pancratium sickenbergeri to simulated bulb herbivory: Combining defence and tolerance

strategies. J. Ecol. 2002, 90, 472–479. [CrossRef]

http://doi.org/10.1016/j.foreco.2009.09.001
http://doi.org/10.1073/pnas.1010070108
http://doi.org/10.1016/j.jplph.2014.11.008
http://doi.org/10.1146/annurev.phyto.44.070505.143420
http://www.ncbi.nlm.nih.gov/pubmed/16722808
http://doi.org/10.1016/j.foreco.2009.09.023
http://doi.org/10.1007/BF00378973
http://www.ncbi.nlm.nih.gov/pubmed/28312509
http://doi.org/10.3389/fpls.2018.01595
http://doi.org/10.1051/forest:2006040
http://doi.org/10.1111/efp.12671
http://doi.org/10.1111/j.1752-4571.2007.00013.x
http://www.ncbi.nlm.nih.gov/pubmed/25567494
http://doi.org/10.1111/j.1365-3059.2010.02406.x
http://doi.org/10.2436/20.7010.01.104
http://doi.org/10.1186/s10086-021-01956-w
http://doi.org/10.1163/22941932-90000414
http://doi.org/10.1006/anbo.1995.1022
http://doi.org/10.1104/pp.114.254581
http://doi.org/10.1007/978-3-319-15783-2_8
http://doi.org/10.1016/j.foreco.2007.12.040
http://doi.org/10.17221/30/2008-JFS
http://doi.org/10.1023/A:1014339612423
http://doi.org/10.1007/s11515-012-1224-0
http://doi.org/10.1007/BF02860532
http://doi.org/10.1046/j.1365-2745.2002.00678.x


Plants 2023, 12, 377 12 of 13

28. Volk, G.M.; Lynch‑Holm, V.J.; Kostman, T.A.; Goss, L.J.; Franceschi, V.R. The role of druse and raphide calcium oxalate crystals
in tissue calcium regulation in Pistia stratiotes leaves. Plant Biol. 2008, 4, 34–45. [CrossRef]

29. Serdar, B.; Demiray, H. Calcium oxalate crystal types in three oak species (Quercus L.). Turkey. Turk. J. Biol. 2012, 36, 386–393.
30. Morris, H.; Plavcová, L.; Cvecko, P.; Fichtler, E.; Gillingham, M.A.F.; Martinez‑Cabrera, H.I.; McGlinn, D.J.; Wheeler, E.; Zheng,

J.; Ziemińska, K.; et al. A global analysis of parenchyma tissue fractions in secondary xylem of seed plants. New Phytol. 2016,
209, 1553–1565. [CrossRef]

31. Schwartz, F.W.M.R.; Fink, S.; Deflorio, G. Resistance of parenchyma cells in wood degraded by brown rot fungi. Mycol Prog.
2003, 2, 26–74. [CrossRef]

32. Soheili, F.; Woodward, S.; Almasi, I.; Abdul‑Hamid, H.; Naji, H.N. Variations in Wood Density, Annual Ring Width and Vessel
Properties of Quercus brantii Affected by Crown Dieback. Forests 2021, 12, 642. [CrossRef]

33. Lloret, F.; Martinez‑Vilalta, J.; Serra‑Diaz, J.M.; Ninyerola, M. Relationship between projected changes in future climatic suitabil‑
ity anddemographic and functional traits of forest tree species in Spain. Clim. Chang. 2013, 120, 449–462. [CrossRef]

34. Polle, A.; Chen, S.L.; Eckert, C.; Harfouche, A. Engineering Drought Resistance in Forest Trees. Front. Plant Sci. 2019, 9, 1875.
[CrossRef]

35. Fischer, U.; Kucukoglu, M.; Helariutta, Y.; Bhalerao, R.P. The Dynamics of Cambial Stem Cell Activity. Annu. Rev. Plant Biol.
2019, 70, 293–319. [CrossRef] [PubMed]

36. Fischer, U.; Polle, A. Populus responses to abiotic stress. In Genetics and Genomics of Populus; Jansson, S., Bhalerao, R., Groover,
A., Eds.; Springer: Berlin, Germany, 2010; pp. 225–247. [CrossRef]

37. Nola, P.; Bracco, F.; Assini, S.; von Arx, G.; Castagneri, D. Xylem anatomy of Robinia pseudoacacia L. and Quercus robur L. is
diferently afected by climate in a temperate alluvial forest. Ann. For. Sci. 2020, 77, 8. [CrossRef]

38. Seifert, G.J.; Blaukopf, C. Irritable walls: The plant extracellular matrix and signaling. Plant Physiol. 2010, 153, 467–478. [Cross‑
Ref]

39. Kesten, C.; Menna, A.; Sánchez‑Rodríguez, C. Regulation of cellulose synthesis in response to stress. Curr. Opin. Plant Biol. 2017,
40, 106–113. [CrossRef]

40. Gaffal, K.H.; Mohnen, D. The structure, function, and biosynthesis of plant cell wall pectic polysaccharides. Carbohydr. Res. 2009,
344, 1879–1900. [CrossRef]

41. Zweifel, R.; Zimmermann, L.; Zeugin, F.; Newbery, D.M. Intra annual radial growth and water relations of trees: Implications
towards a growth mechanism. J. Exp. Bot. 2006, 57, 1445–1459. [CrossRef] [PubMed]

42. Steppe, K.; Lemeur, R. Effects of ring‑porous and diffuse‑porous stem wood anatomy on the hydraulic parameters used in a
water flow and storage model. Tree Physiol. 2007, 27, 43–52. [CrossRef]

43. Hacke, U. Functional and Ecological Xylem Anatomy; Springer: Berlin/Heidelberg, Germany, 2015; ISBN 978‑3‑319‑15783‑2.
44. Wildhagen, H.; Paul, S.; Allwright, M.; Smith, H.K.; Malinowska, M.; Schnabel, S.K.; Paulo, M.J.; Cattonaro, F.; Vendramin, V.;

Scalabrin, S.; et al. Genes and Gene Clusters Related to Genotype and Drought‑Induced Variation in Saccharification Potential,
Lignin Content and Wood Anatomical Traits in Populus Nigra. Tree Physiol. 2018, 38, 320–339. [CrossRef]

45. Yu, D.; Janz, D.; Zienkiewicz, K.; Herrfurth, C.; Feussner, I.; Chen, S.; Polle, A. Wood Formation under Severe Drought Invokes
Adjustment of the Hormonal and Transcriptional Landscape in Poplar. Int. J. Mol. Sci. 2021, 22, 9899. [CrossRef]

46. Fonti, P.; García‑González, I. Earlywood vessel size of oak as potential proxy for spring precipitation in mesic sites. J. Biogeogr.
2008, 35, 2249–2257. [CrossRef]

47. Eilmann, B.; Weber, P.; Rigling, A.; Eckstein, D. Growth reactions of Pinus sylvestris L. andQuercus pubescensWilld. to drought
years at a xeric site in Valais, Switzerland. Dendrochronologia 2006, 23, 121–132. [CrossRef]

48. Roushani Nia, F.; Naji, H.R.; Bazgir, M.; Naderi, M. Effect of Simulated Dust Storm on some Bio‑chemical features of Persian
Oak (Quercus brantii Lindl.). Envirn. Eros. Res. 2018, 29, 59–73. (In Farsi)

49. Naji, H.R.; Taher Pour, M. The effect of simulated dust storm on wood development and leaf stomata inQuercus brantii L.Desert
2019, 24, 43–49. [CrossRef]

50. Aloni, R.; Zimmermann, M.H.Z. The control of vessel size and density along the plant axis. A new hypothesis. Differentiation
1983, 24, 203–208. [CrossRef]

51. Evert, R.F.; Eichhorn, S.E. Esau’s Plant Anatomy: Meristems, Cells, and Tissues of the Plant Body: Their Structure, Function, and
Development; John Wiley and Sons, Inc.: Hoboken, NJ, USA, 2006.

52. Wheeler, E.A.; Bass, P.; Rodgers, S. Variations in dicot wood anatomy: A global analysis based on the Inside Wood database.
IAWAJ. 2007, 28, 229–248. [CrossRef]

53. Hölttä, T.; Vesala, T.; Perämäki, M.; Nikinmaa, E. Refilling of embolised conduits as a consequence of ‘Munch water’ circulation.
Funct. Plant Biol. 2006, 33, 949–959. [CrossRef] [PubMed]

54. von Arx, G.; Arzac, A.; Olano, J.M.; Fonti, P. Assessing Conifer Ray Parenchyma for Ecological Studies: Pitfalls and Guidelines.
Front. Plant Sci. 2015, 6, 1016. [CrossRef]

55. Safdari, V.; Golchinfar, M. Comparativewood anatomy ofWyche Elm, English Elm, Caucasian Elm andHackberry. Iran. J. Wood
Pap. Sci. Res. 2011, 26, 564–578. (In Farsi)

56. Torkaman, J.; Ghodskhah Daryaee, M.; Zolghadry, S.H. The Role of Xylem Vessel Size and Ray Traits in Dutch Elm Disease
Frequency in Ulmaceae. J. For. Wood Prod. 2014, 67, 453–462. (In Farsi)

http://doi.org/10.1055/s-2002-20434
http://doi.org/10.1111/nph.13737
http://doi.org/10.1007/s11557-006-0064-1
http://doi.org/10.3390/f12050642
http://doi.org/10.1007/s10584-013-0820-6
http://doi.org/10.3389/fpls.2018.01875
http://doi.org/10.1146/annurev-arplant-050718-100402
http://www.ncbi.nlm.nih.gov/pubmed/30822110
http://doi.org/10.1007/978-1-4419-1541-2_11
http://doi.org/10.1007/s13595-019-0906-z
http://doi.org/10.1104/pp.110.153940
http://doi.org/10.1104/pp.110.153940
http://doi.org/10.1016/j.pbi.2017.08.010
http://doi.org/10.1016/j.carres.2009.05.021
http://doi.org/10.1093/jxb/erj125
http://www.ncbi.nlm.nih.gov/pubmed/16556628
http://doi.org/10.1093/treephys/27.1.43
http://doi.org/10.1093/treephys/tpx054
http://doi.org/10.3390/ijms22189899
http://doi.org/10.1111/j.1365-2699.2008.01961.x
http://doi.org/10.1016/j.dendro.2005.10.002
http://doi.org/10.22059/jdesert.2019.72435
http://doi.org/10.1111/j.1432-0436.1983.tb01320.x
http://doi.org/10.1163/22941932-90001638
http://doi.org/10.1071/FP06108
http://www.ncbi.nlm.nih.gov/pubmed/32689305
http://doi.org/10.3389/fpls.2015.01016


Plants 2023, 12, 377 13 of 13

57. Martin, J.A.; Solla, A.; Esteban, L.G. Borderd pit and ray morphology involment in elm resistance to ophiostoma novo‑ulmi. Can.
J. For. Res. 2009, 39, 420–429. [CrossRef]

58. Schenk, H.J.; Espino, S.; Goedhart, C.M.; Nordenstahl, M.; Martinez‑Cabrera, H.I.; Jones, C.S. Hydraulic integration and shrub
growth form linked across continental aridity gradients. Proc. Natl. Acad. Sci. USA 2008, 105, 11248–11253. [CrossRef]

59. Knipfer, T.; Cuneo, I.F.; Brodersen, C.R.; McElrone, A.J. In‑situ visualization of the dynamics in xylem embolism formation and
removal in the absence of root pressure: A study on excised grapevine stems. Plant Physiol. 2016, 171, 1024–1036. [CrossRef]

60. Jupa, R.; Plavcová, L.; Gloser, V.; Jansen, S. Linking xylem water storage with anatomical parameters in fivetemperate trees
pecies. Tree Physiol. 2016, 36, 756–769. [CrossRef]

61. Esau, K. Plant Anatomy; McGraw‑Hill: New York, NY, USA, 1965; p. 567.
62. Biggs, A.R. Occurrence and location of suberin in wound reaction zones in xylem of 17 tree species. Phytopathology 1987, 77,

718–725. [CrossRef]
63. Schilling, J.S.; Jellison, J. Oxalate regulation by two brown rot fungi decaying oxalate‑amended and non‑amended wood. Holz‑

forschung 2005, 59, 681–688. [CrossRef]
64. Hatakka, A.; Hammel, K.E. Fungal Biodegradation of Lignocelluloses. In Industrial Applications. The Mycota; Hofrichter, M., Ed.;

Springer: Berlin/Heidelberg, Germany, 2011; Volume 10. [CrossRef]
65. Penninckx, V.; Glineur, S.; Gruber, W.; Herbauts, J.; Meerts, P. Radial variations in woodmineral element concentrations: A com‑

parison of beech and pedunculate oak from the Belgian Ardennes. Ann. For. Sci. 2001, 58, 253–260. [CrossRef]
66. Ghazanfari, H.; Namiranian, M.; Sobhani, H.; MarviMohajer, R. Traditional forest management and its application to encourage

public participation for sustainable forest management in the northern Zagros Mountains of Kurdistan Province, Iran. Scand J
Forest Res. 2004, 19, 65–71. [CrossRef]

67. Ilam Meteorological Bureau. Available online: http://www.ilammet.ir/ (accessed on 20 August 2018).
68. Menati, T.; Bazgir, M.; Rostaminya, M.; Mahdavi, A. Chemical and physical characteristics of oak forest soils in different climates

in Ilam Province. Iran. J. For. 2019, 10, 449–460.
69. Ruzin, S.E. Plant Microtechnique and Microscopy; Oxford University Press: New York, NY, USA, 1999; 336p.
70. Gartner, H.; Schweingruber, F.H.Microscopic Preparation Techniques for Plant StemAnalysis; VerlagDr. Kessel: Remagen, Germany,

2013; p. 78.
71. Camargo, M.A.B.; Marenco, R.A. Density, size and distribution of stomata in 35 rainforest tree species in Central Amazonia. Acta

Amaz. 2011, 41, 205–212. [CrossRef]
72. Meng, Q.; Fu, F.; Wang, J.; He, T.; Jiang, X.; Zhang, Y.; Yin, Y.; Li, N.; Guo, J. Ray Traits of Juvenile Wood and Mature Wood:

Pinus massonia and Cunninghamia lanceolata. Forests 2021, 12, 1277. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au‑
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1139/X08-183
http://doi.org/10.1073/pnas.0804294105
http://doi.org/10.1104/pp.16.00136
http://doi.org/10.1093/treephys/tpw020
http://doi.org/10.1094/Phyto-77-718
http://doi.org/10.1515/HF.2005.109
http://doi.org/10.1007/978-3-642-11458-8_15
http://doi.org/10.1051/forest:2001124
http://doi.org/10.1080/14004080410034074
http://www.ilammet.ir/
http://doi.org/10.1590/S0044-59672011000200004
http://doi.org/10.3390/f12091277

	Introduction 
	Results 
	Fiber Biometric Characterization 
	Fiber Length (FL) 
	Fiber Wall Thickness (FWT) 
	Number of Axial Parenchymal Cells (NPC) 
	Ray Number (RN) 
	Ray Width (RW) 
	Number of Crystals (NC) 
	Principal Component Analysis (PCA) 


	Discussion 
	Conclusions 
	Material and Methods 
	Study Areas 
	Sampling Method 
	Sample Preparation for Microscopic Investigation 
	Wood Sample Processing and Variable Measurement 
	Statistical Analysis 

	References

