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Abstract: Quercus ilex L. dieback has been recently reported at numerous Mediterranean sites. Wood
and phloem formation dynamics and tree-ring series of anatomical traits can be used to evaluate
growth conditions of trees. We monitored cambial activity in Q. ilex trees growing at a site in southern
Italy in order to assess how xylem and phloem production are affected by harsh seasonal climatic
variation during a dry year. We followed xylogenesis by counting the number of cambial cells and
detecting the occurrence of post-cambial cells throughout the year. As phloem did not show clear
growth rings and boundaries between them, we followed the development of phloem fibres—their
morphological traits during development and the distance from the cambium served as a reference
point to evaluate the phloem production during the year. We detected a multimodal pattern in
cambial activity, with wood production in three periods of the year and consequent formation of
intra-annual density fluctuations (IADFs). The lowest production of xylem cells was observed in
the dry late spring and summer period (likely due to the low water availability), while the highest
occurred in autumn (the wettest period). Although we could not differentiate between early and
late phloem, the analysis of phloem traits was useful to follow the dynamics of phloem production,
which is generally difficult in Mediterranean tree species. We found cambial production of phloem
throughout the year, even in the periods without xylem production. The results showed that if
tree growth was constrained by environmental limitations, the ratio between xylem to phloem cells
decreased and, in the most severely affected trees, more cells were formed preferentially in the
phloem compared to xylem. We also briefly report the way in which to solve technical problems
with tissue preparation due to extreme hardness and to the peculiar structure of Q. ilex wood and
outer bark.
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1. Introduction

Ongoing climate change is having a profound impact on forest growth and produc-
tivity, especially in the Mediterranean region where trees are suffering due to the general
increase in temperature and in the frequency of extreme events [1], as severe and prolonged
droughts and heat waves often are followed by insect outbreaks. Such events, together with
extremes such as fires, are causing dieback phenomena affecting Mediterranean forest in
its structure and services [1,2]. Here, the currently dominant species are being increasingly
replaced by shrub and invasive species which are better acclimated and/or adapted to the
changing climate [2]. For example, in the case of forests in southern Italy, invasive species
such as Robinia pseudoacacia L. are spreading, competing with endemic species such as holm
oak (Quercus ilex L.) [3].

Q. ilex is an evergreen species, shade-tolerant, with deep roots, which can maintain
high stomata conductivity during dry periods [4]. Although it is considered to be a drought-
resistant Mediterranean tree species [5-7], under extreme water stress conditions, Q. ilex
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can suffer high losses of xylem conductivity, being also susceptible to embolisms [8-10].
Recently, Q. ilex dieback has been reported at numerous locations in its natural sites,
suggesting that weather extremes, such as extremely hot and dry summer conditions,
might be among the reasons for the decline [2,11-14]. Q. ilex shows higher vulnerability
to drought compared to other co-occurring species, such as Phyllirea latifolia L. and Erica
arborea L. [15-18]. In the future, drier conditions could lead to higher mortality of Q. ilex,
considered a key element of Mediterranean forests, as it plays a very important role in
the functioning of these ecosystems [19]. The ability of this species to suspend vegetative
growth during periods of drought can lead to irregular cambial production, which is
probably responsible for the formation of more than one annual ring within a calendar year.

Dendrochronology is widely used to establish health condition of trees. Tree-ring
width trends and the relations between anatomical traits and climatic factors can reveal
the duration and nature of decline [20,21]. In Q. ilex, the classical dendrochronological
approach often cannot be directly applied since it is difficult to recognise the boundaries
between tree-rings. As opposed to most Quercus species which are ring porous, Q. ilex
wood shows diffuse porosity, with radially arranged large vessels of more or less uniform
size. It often forms intra-annual density fluctuations (IADFs) which additionally hamper
the recognition of tree rings [11,22-29]. Indeed, recent studies showed that if the weather
conditions are favourable, most Mediterranean species may continue to grow even during
winter; as a consequence, if the cambium does not interrupt wood production at the end
of the calendar year, tree rings cannot be exactly ascribed to a calendar year [30,31]. On
the other side, hot and dry summer conditions possibly interrupt cambial production
leading to IADFs [32-35]. IADFs in Q. ilex are described as an “extra growth band” of
wood at the end of the true ring, with smaller vessels than in true earlywood, and often
with a higher abundance of fibres and banded axial parenchyma [25,29]. The occurrence
of IADFs in Q. ilex wood has been associated with the alternation of drought in summer,
followed by wet periods [22,25,36]. For Q. ilex growing in southern Italy, it has been
recently reported that the IADF frequency is associated with higher efficiency of water
use regardless of the different xylem growth [37], and that in a scenario of increasing
temperature IADF occurrence in Q. ilex would be decreased compared to other species [29].
In Q. ilex growing in Spain, a relationship has been reported between the width of IADFs
and the amount of precipitation in the second part of the growing season, suggesting
that IADFs in this species can be indicators of phenotypic plasticity [25]. Wood formation
studies are of great help to obtain information on when and how a tree-ring is formed,
to ascribe the IADFs to the period of their formation and to exactly define tree rings [23].
Moreover, thanks to the recently acknowledged relevance of the xylogenesis studies for
dendroecology, wood anatomy and the study of intra-annual dynamics of wood formation
have become more and more relevant, especially over the last two decades. Research on
cambial activity and xylem formation has become an invaluable piece in the mosaic of
multidisciplinary and multi-scale studies to understand the response of trees and forests to
climate change [23,38—43].

Since the vascular cambium is a bi-facial meristem which produces xylem and phloem,
it is crucial to consider not only wood formation but also the seasonal dynamics of phloem
formation to show the entire process of cambial cell productivity during the year or grow-
ing season [44]. Xylem and phloem formation processes are not fully synchronous [39,44]
and show different dynamics, as internal and external influences have different effects
on the mechanisms of their formation. The structure of the non-collapsed phloem and
the dynamics of its formation can help assess tree vitality in temperate species where
early and late phloem can be defined in phloem rings which are clearly delineated by
boundaries [44-46]. In Mediterranean tree species, phloem annual rings cannot be recog-
nised, and therefore it is difficult to study phloemogenesis. Phloem annual rings are not
clearly demarcated and do not show clear early and late phloem [47-49]. As we lack
reference points in phloem anatomy, it is usually not possible to define how much phloem
has been formed between two tissue samplings. Recently, it was shown that quantitative
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anatomy used to study phloem of Pinus pinea L. and Pinus halepensis Mill. from drought-
prone environments helps obtaining information on phloem formation during the growth
season [48]. In this case, quantitative anatomy was used to measure the variations in the
size of phloem sieve cells in non-collapsed phloem in the radial direction, the width of
non-collapsed phloem, and the trend in the number of axial parenchyma cells throughout
the non-collapsed phloem. This methodology proved to be suitable to obtain information
about intra-annual variations of phloem traits in Mediterranean conifers. To the best of
our knowledge, in Mediterranean hardwoods, the dynamics of phloem formation has not
been investigated yet. It is known that the phloem of the genus Quercus contains groups of
phloem fibres which in temperate Quercus species demarcate the boundary between early
and late phloem [50,51]. If Mediterranean oaks also contain groups of fibres, they could
serve as reference points when studying the dynamics of phloem formation. To the best of
our knowledge, xylogenesis, phloemogenesis, and timing of IADF formation in wood of
Q. ilex have not been monitored yet.

In this study, we monitored the cambium production in Q. ilex growing in southern
Italy in the old-growth forest of “Parco Gussone”, which is part of the Royal Palace of
Portici (Naples, Italy), during the particularly dry year 2017. We aimed to (a) assess the
cambial activity and analyse the relations with the current climatic parameters, (b) assess
whether annual xylem and phloem rings with clear boundaries were formed during the
year, (c) detect the possible occurrence of IADFs in the xylem, (d) use phloem fibres as an
indicator of the seasonal variation in phloem genesis, and (e) assess whether the processes
of xylem and phloem formation respond in the same way to the intra-seasonal variations in
climate. Our hypothesises were (1) the cambial activity would stop in summer and winter,
leading to the formation of IADFs in the xylem, and (b) the phloem would not form a clear
annual ring. We also discuss the limitations of the methodology and possible bias due to
the hardness of wood and the fragility of the cambial zone.

2. Materials and Methods
2.1. Study Site

The study was conducted in a Quercus ilex L. forest located at “Parco Gussone-Bosco
Superiore” (40°48'44.1972", 14°20'50.7408", 50 m above sea level, m a.s.l.), surrounding
the Royal Palace of Portici (Naples), in southern Italy in the year 2017. The establishment
of the Parco Gussone started in 1738 when Q. ilex seedlings from Sicily were used for the
afforestation of the area. The forest of Parco Gussone extends over 16.4 ha and represents
a real pool of floristic biodiversity in the metropolitan area of Naples [52], where forest
dynamics and functional processes, such as natural regeneration and nutrient cycling,
resemble those of a natural forest ecosystem [53].

The site is an evergreen Q. ilex woodland with the scattered occurrence of other
deciduous species such as Fraxinus ornus L., Quercus pubescens Willd., Ulmus campestris L.,
Celtis australis L., and Mediterranean conifers [54]. The undergrowth is rich in shrub and
climbing species [52]. Some of the older Q. ilex trees show phytosanitary problems due to
inoculation with fungi with occurrence of fruiting bodies and hyphae of basidiomycetes
fungi [52].

The climate is the Mediterranean humid-type, with a cumulative mean annual rainfall
of ~1000 mm, which is irregularly distributed. In 2017, the annual mean temperature
was 16.98 °C. The hottest period occurred between June and August (monthly average
mean temperature of 27.37 °C) and the coldest month was January (monthly average mean
temperature of 8.74 °C) (Figure 1). The cumulative annual precipitation in 2017 was 650 mm;
the wettest month was November, with cumulative monthly precipitation of 165.8 mm,
while the lowest value was reached in August (cumulative monthly precipitation of 0 mm).
Data are from the Sant’ Anastasia meteorological station, 40°53/25.61” N, 14°21'28.02" E,
25 m a.s.l, 10 km away from the sampling site.
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Figure 1. Climatic diagram of monthly mean temperatures (T, red line) and total precipitation (P, blue bars) for 2017

according to data recorded at the Sant’ Anastasia meteorological station.

2.2. Sampling, Microscopy, and Quantitative Wood Anatomy

Microcores (1.8 mm in diameter) were collected every 2 weeks using the Trephor
tool [55] from 8 Q. ilex dominant trees showing no signs of decay. To avoid wound
effects, we extracted the microcores, collected from the trunk at breast height, by following
a spiral with a distance of 4-6 cm between consecutive samples [30]. The microcores
containing phloem, cambium, and a few millimetres of xylem were immediately fixed
in 70% ethanol where they were kept for 1 week. Samples were then fixed in FA.A.
(38% formaldehyde, glacial acetic acid, 50% ethanol—5/5/90 by volume) for a week.
Microcores were subsequently dehydrated in a graded ethanol series (70, 90, 95, and 100%),
infiltrated with bio-clear (D-limonene), and embedded in paraffin blocks using a Leica
TP1020-1 (Nussloch, Germany) tissue processor. Cross-sections (9 um thick) were obtained
with a semi-automatic rotary microtome RM 2245 (Leica, Nussloch) and stained with a
safranin (0.04%) and astra blue (0.15%) water solution [56]. The sections were observed
under a Nikon Eclipse 800 light microscope, and microphotographs were taken using a DS-
Fil digital camera with the NIS-Elements BR 3 image analysis system (Melville, NY, USA).
The sections were analysed to identify cambial cells and differentiating xylem and phloem
cells using visual criteria of proportional dimensions and wall thickness [32,34,38,57]. In
detail, we counted the cambial cells (CC) which appeared radially flattened (Figure 2A).
Then, we identified the period when post-cambial cells (PC) (Figure 2B,C) were formed on
the xylem side. PC are cells in radial enlargement, showing only primary walls that do not
shine under polarised light compared with cells with secondary walls [30,58].

We also detected the time of likely transition from early to late phloem [59], iden-
tified by the appearance of small, tangentially orientated groups of phloem fibres (PF)
(Figure 2A,B) separating the 2 parts [50]. Such fibres could be detected as long slender
cells developing from fusiform initials of the cambium and reaching maturity in the non-
collapsed phloem [60]. Mature phloem fibres had thick lignified cell walls that stained red
with safranin, exhibited birefringence in polarised light, and were considered a part of the
late phloem (Figure 2C) [51,60]. Moreover, we applied quantitative anatomy to measure
the distance between the cambium and the nearest phloem fibres cluster (PF) to use it as a
reference point to estimate the time and phases of phloem formation. Finally, we defined
the increments of xylem and non-collapsed phloem (Figure 2A) on the last sampling date
at the end of 2017. The whole portion of xylem produced in the year 2017 was classified for
the presence of IADFs on the basis of the occurrence of 1 (ring without IADF) or more (ring
with IADFs, namely, with an extra growth band) xylem increments [25].
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Figure 2. Cross section of Quercus ilex. (A) Non-collapsed phloem, xylem, and cambial zone; the pink arrow indicates the

cambial cells (CC), the yellow arrow points towards the group of phloem fibres (PF). (B) The pink arrows indicate the CC

and post-cambial cells (PC), the yellow arrow shows the developing phloem fibre (PF). (C) The same section zone as picture

(B) but viewed under polarised light. Scale bars = 100 pm.

After cutting the slides for light microscopy, we prepared the remaining parts of the
microcores for observation with a scanning electron microscope (SEM). To this purpose,
they were infiltrated with bio-clear for 1 night and washed with alcohol to remove the
paraffine. Samples were then mounted on stubs with a conductive carbon adhesive and
sputter-coated with Au/Pd (Q150R ES Coating System; Quorum technologies, Laughton,
UK for 30 s with a constant current of 20 mA. SEM micrographs were taken at voltages
between 5 kV and low vacuum conditions with an Everhart-Thornley detector (ETD) in a
FEI Quanta 250 SEM microscope (FEI Company, Hillsboro, OR, USA) at a working distance
of 9-10 mm [61].

3. Results
3.1. Xylem Anatomical Features

The cross-sections of Q. ilex microcores contained several growth layers of mature
wood of the previous years. Microcores taken from different trees on the same date showed
high variability in the tree-ring structure (Figure 3). The analysis of growth increments
deviated from the normal structure of a “diffuse to semi-ring-porous” wood in so far
as the transition from earlywood to latewood was not evident; wood increments mostly
held large vessels not always decreasing from the beginning towards the end of the ring
(Figure 3A yellow arrows), and the boundary of a growth increment was marked only
by flattened fibres. Large wide multiseriate rays (Figure 3B green arrow), which were
fewer in number than the uniseriate ones, sometimes covered a substantial portion of the
transverse section of a microcore, thus hampering the observation. The presence of solitary
prismatic crystals was variable, and they occurred in both ray and axial parenchyma cells,
sometimes occurring in a very large portion of the axial parenchyma cells. Discontinuous
rings (wedging rings) (Figure 3C yellow arrow) were commonly found, which made the
tree-ring boundary identification difficult. We also detected the formation of tyloses in
vessels, even in recently formed wood (Figure 3C red arrow, Figure 4).
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Figure 3. Cross-section of microcores from three different Q. ilex trees showing (A) tree-ring structure without clear latewood
(yellow arrows), (B) multiseriate ray (green arrow), and (C) wedging ring (yellow arrows) and tyloses (red arrows). All
images are of the same magnification; scale bar = 500 pm.

Figure 4. Cross-section of Q. ilex wood: (A) vessels with tyloses (arrow) in the last formed xylem increment below the
cambium (CC) and non-collapsed phloem (NPh), and (B) detailed view of a vessel with tyloses from (A), and visible starch
grains in parenchyma cells; (C) the beginning of tylosis formation with proliferation of a parenchyma cell into a vessel
lumen through the vessel pit.

3.2. Cambial Activity and Wood Increments Formed Throughout the Year

At the beginning of the sampling in January 2017 (9 DOY, day of the year), the
cambium was active, as indicated by the number of CC (cambial cells) (5.5 £ 1.2), with the
presence of PC (post-cambial) cells indicating that cambium was producing xylem cells
(Figure 5). Throughout the sampling period, the number of CC varied in a multimodal
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pattern, with minimum and maximum number of 3.1 and 5.6 cells, respectively. CC number
decreased to a minimum at 52 DOY, then increased reaching a maximum in April (108 DOY,
4.6 £+ 1.0) and remained stable until June (178 DOY) (Figure 5). After a decrease in July
(202 DOY), CC number started to increase again, reaching a maximum value in November
(318 DOY); afterwards, it decreased and raised again at the end of the year (361 DOY). PC,
consisting of xylem cells with primary wall and indicating that cambium is active at the
xylem side, were detected in three periods of the year. PC were detected between 9 and
16 DOY, but after these two weeks, no PC cells were detected until the middle of April
(108 DOY). After the first week of May, with the driest months July and August (Figure 1),
no PC cells were formed until the end of August (Figure 5).
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CC |55]41[3.1|3.6/3.2|3.8|/46|40|45|45|43|3.4|33(39|3.5(3.6(3.5|/4.2(4.7|5.6/5.3|/46|4.8
PC X [x[x [x I x [x[x[x|[x[x[x]|x

Figure 5. The graph shows the number of cambial cells (CC, blue line) and phloem increments distance (PI, violet line)
between CC and the nearest phloem fibres cluster (PF) in Q. ilex. The scheme below the X-axis indicates the occurrence
timing of new formed PF groups (PF1, PF2, PF3 in violet square) and PC (cells with primary wall in blue square) in different
periods of the year. Xx =no PF or PC (post-cambial) cells detected. DOY, day of the year from January to December 2017.

At the beginning of September, PC were again evident and their production lasted
until December (346 DOY) (Figures 5 and 6A,B, showing PC in October). PC production was
thus detected in three periods of the year, namely, January, April, and October-December
when the highest number occurred. In the other periods, despite the occurrence of CC,
the absence of PC led to the formation of IADFs. The IADF structure differed from the
structure usually described as “extra growth band”, but appeared as a second growth band
accounting for approximately at 50% of the total wood increment, in which mostly large
earlywood vessels appeared, such as in the first growth increment (Figure 6E). Therefore,
the cross-sections of the microcores sampled in December showed two wood increments
formed during the year (Figure 6E). The first, formed in April, appeared narrower than
the second, formed from October until December. On the last sampling date, most of
the samples showed relatively large total xylem increments with identifiable boundaries,
while others showed very narrow growth layers with no clear boundaries or no xylem
formed at all (Table 1). The trees not forming xylem were not characterised by any external
sign of decline or wounding which could have been interpreted as indicators of a peculiar
condition of stress. An IADF was formed in each total xylem increment (Table 1).
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Figure 6. Q. ilex cross-sections with (A) development of PC cells stained with astra blue in October; (B) the same section

region as in (A) but observed in polarised light; (C) formation of developing phloem fibres PF stained with safranin and

astra blue in November; (D) the same wood region as in (C) but under polarised light. (E) Total wood increment (yellow
dashes) with IADF (red dashes) formed during the year 2017. Scale bars = 100 um.

Table 1. Width of total growth increments in the wood and non-collapsed phloem, their ratio, and occurrence of IADFs on
the last sampling date at the end of 2017.

Tree Total Xylem Non-Collapsed Phloem/Xylem IADF
Increment Phloem Increment Increment Ratio Occurrence
Number um um Number
1 808.9 314.4 0.389 1
2 682.0 260.0 0.381 1
3 188.0 230.0 1.223 1
4 0.0 204.3 - -
5 0.0 408.0 - -
6 682.0 394.0 0.578 1
7 632.0 420.0 0.665 1
8 803.0 362.0 0.451 1
Average 4745 324.1 0.614 0.4
STD 351.1 84.5 0.318 0.5

The development of phloem fibres (PF), in ring porous oaks, normally indicating
the transition from early to late phloem, was detected in three periods of the year: in
January (PF1) (9-23 DOY), between the end of June and July (PF2) (202-220 DOY), and
between the end of October and December (PE3) (290-361 DOY) (Figures 5 and 6¢,d). At
the beginning, the distance between PF1 and cambium was the lowest (Figures 5 and 7).
The distance began to increase in April and especially May, until the maximum at the
beginning of June (Figure 7) when the second PF2 group appeared (Figure 5) and at the end
of September /beginning of October (Figure 7), before the third group of PF3 was formed
(Figure 5). In samples collected at the end of the sampling year, the width of non-collapsed
phloem increment was similar in all sampled trees, as well as in the two trees where no
xylem increment was observed (Table 1).

In the samples collected in December, we could observe the three groups of PF (PF1,
PF2, PE3) formed throughout the calendar year, which indicate the total phloem annual
increment. The annual increment mostly consisted of non-collapsed phloem; indeed
collapsed phloem is only present in proximity of PF1 formed at the beginning of January
(Figure 7).



Forests 2021, 12, 188

9of 15

Figure 7. Wood, cambium, and phloem with fibre groups (PF) in January, April, May, October, November, and December

in tree number 7. PF1, PF2, and PF3 serve as an orientation to evaluate the amount of phloem formed from January by

the sampling date (white arrows with double heads). The sample taken in December (right image) contains non-collapsed

phloem (NPh) with three groups of fibres which corresponds with the amount of phloem formed in one calendar year, 2017;

the phloem formed in the previous year is already collapsed (CPh). Scale bar = 100 pm.

Figure 7 shows the phloem genesis of tree number 7. The first PF group (PF1) was
located in immediate vicinity of the cambium in January, with fibres in the phase of
lignification (Figure 7). Until April and especially in May, PF1 appeared with cell walls
completely lignified. Due to the phloem formed between January and the sampling date,
PF1 was located at larger distances from the cambium. In October, the second group PF2
appeared, whose cells had still thin, non-lignified cell-walls. In November, the PF2 cell
walls were thicker and lignified and PF2 were farther from the cambium, while PF3 in early
stage of development appeared close to the cambium. The described processes indicate
dynamics of phloem formation and the distances shown by arrows with double head in
Figure 7 indicate how much phloem was formed by the given date. As phloem in December
contained non-collapsed phloem (NPh) with three groups of fibres formed throughout the
calendar year of 2017, and the phloem formed before PF1 started to collapse, we suppose
that the width of the phloem formed throughout the calendar year approximately agrees
with the width of the non-collapsed phloem. In five out of eight trees, the ratio between
xylem and phloem production in the year 2017 was around 2:1, as wood production was
almost double that of phloem production (NPh) (Table 1).

4. Discussion
4.1. Cambial Activity and Xylem Increment

Q. ilex, as opposed to most European oaks, is not ring porous. Therefore, it is often
difficult to define its tree-rings and tree-ring boundaries. Dendrochronological studies
have previously reported on IADFs in Q. ilex wood described as “extra growth bands”
located at the end of the ring and formed due to bimodal cambial activity [25,29,35]. In
our samples of Q. ilex from southern Italy, we detected a multimodal pattern of cambial
activity. The active production of xylem by the cambium was indicated by an increase in
the number of cells (and width) of CC and the presence of wood cells in PC phase. We
observed the highest peak of cambial activity during the autumn months and not in spring.
This finding is not in line with the literature, which mainly reports that spring is the most
active period for growth in Q. ilex, while generally the trees enter dormancy in winter
and summer [11,22,27,62,63]. This peculiar pattern is likely due to the excessively dry
spring /summer and wet and mild winter during the year 2017, which triggered a slow-
down or even a stop in xylogenesis in spring/summer. This would also explain why two
of eight trees did not produce any xylem at all during the year 2017. The variability in the
xylem production found among Q. ilex trees is in line with the high variability in tree-ring
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width and IADF occurrence in Mediterranean softwood and hardwood species [22,34].
Indeed, such variability can be ascribed to the different sensitivity of the single trees to
environmental constraints, also due to their physiological status that influences the onset
and duration of the different phases of xylogenesis [30].

In general, the observed variation of CC number seems to follow the trend in precipi-
tation, suggesting a very prompt response of the cambium (activating and deactivating
several times during the year) to the rain input. Such plasticity allows the trees to pro-
duce biomass even in stressful environments in a sort of prompt start-and-stop cambium
production of different intensity following the environmental fluctuations. Indeed, the
highest peak of CC number was detected in November, the wettest month of the year 2017
with warm temperatures. As a result of the activation of CC in autumn, the majority of the
investigated trees formed IADFs. The type of IADFs detected had different structure from
the usual structure described in Q. ilex [25,29,35,64]. It appeared indeed very similar to the
first growth increment with mostly large vessels and no intra-seasonal diffuse parenchyma.
By definition of IADF, we should consider the IADF as the transition zone between the
first and second increment. However, for simplicity and for coherence with previous
classifications of IADFs in Q. ilex, we will refer to the second growth increment as IADF,
although in our case the anatomical traits differ from previous findings. The absence of a
true latewood (with smaller vessels) in the first growth increment and in IADF is likely the
result of sudden cessation of wood production due to the beginning of the drought period
and the lowering of temperatures, respectively.

It has already been reported that in other species growing at dry sites, the water
availability at the growth site has the highest influence on growth rates and cessation of
wood formation [65]. A previous tree-ring study in Q. ilex growing at a nearby site in
southern Italy showed that the occurrence of IADFs was linked to rain events following
periods of summer drought [35]. In our case, the IADFs in Q. ilex would be similar to
L-type IADFs found in many Mediterranean pines and possibly ascribable to a second
flush of growth after the restoration of favourable conditions [23,66]. Besides IADFs, we
also detected wedging rings, whose development is probably the result of locally absent
cambial production at a certain part of the stem [67].

Extreme drought stress could also provoke the occurrence of tyloses in the vessels of
the latest formed xylem, very soon after vessel formation. Indeed, tyloses in sapwood can
be linked to vessel embolism or can be a consequence of a traumatic event [68-70]. Tyloses
block vessels in the outer sapwood crucial for water conduction, and therefore they might
affect tree survival. In our case, trees showed no sign of mechanical stress, and thus we
suppose that tyloses were formed as a response to the severe drought stress in the 2017 year.
We also detected the presence of starch in xylem parenchyma of the last xylem increment
on all sampling dates. Starch grains in the storage system of the xylem are needed to
recover from embolism thanks to osmotic regulation mechanisms. Indeed, the ability to
recover from embolism is species-specific and correlated with the concentration of soluble
carbohydrates accumulated at the stem level [71,72]. Q. ilex’s high capacity for osmotic
adjustment is recognised [24] as a mechanism possibly working in the case of short-term
drought events, but not in case of drought stress protracted in time, which would lead to
tree decline [73,74]. The occurrence of tyloses and abundance of starch may also suggest
the beginning of a fungal infection, to which stressed plants are most vulnerable.

4.2. Phloem Formation

To our knowledge, phloem formation processes in Q. ilex, and generally in Mediter-
ranean hardwoods, has not been investigated yet. Although it has been shown that in
Mediterranean conifers [47-49] it is not possible to identify phloem annual rings with early
and late phloem, and it is not possible to follow the amount of phloem formed between
two samplings, in Q. ilex, the occurrence of phloem fibres can help estimate the amount of
phloem formed between two samplings. In Castanea sativa growing at a site in central Italy,
with similar phloem structure as oaks, the transition from early to late phloem was marked
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by the occurrence of PF; late phloem was formed from the end of June until the end of
September [59]. However, in Q. ilex, we detected the development of PF in three periods of
the calendar year 2017: in January, between June and July, and between November and
December. In the samples collected in January, the PF1 (where cell-wall thickening and
lignification were not completed yet) was located in immediate vicinity of the cambium
and was probably formed in the previous autumn/winter 2016. Assuming that the PF
are part of the late phloem of the previous year [50,59], we presume that phloem formed
between January and June may be ascribed to early phloem and the appearance of PF2
between June and July likely indicates the transition between early and late phloem. Nev-
ertheless, to confirm this distinction between potential early and late phloem, we needed
to test additional measurements of phloem cell size in Q. ilex. Using PF (PF1, PF2, PF3) as
reference points, we were able to follow phloem formation during the year to evaluate the
phloem increment during time. The width of annual phloem increment formed between
January and December agreed with the width of non-collapsed phloem, suggesting that the
phloem remains non-collapsed and possibly active for approximately one year in Q. ilex.
This finding agrees with the results of a detailed study in beech conducted by Prislan
etal. [21].

Our study proved that even during the period when xylem was not produced, phloem
development was still ongoing and lasted the entire year, even in the trees not forming
any xylem at all. The width of non-collapsed phloem measured on the last sampling date
turned out to be less variable among the trees than xylem width, suggesting that, under
stressful conditions, phloem production is either favoured or less affected compared to
xylem, in agreement with observations in temperate and Mediterranean conifers [46,48,49].

4.3. Technical Notes to Improve Sample Preparation of Q. ilex

Q. ilex has a wood of very high density and hardness, and very hard bark. Sampling
of cores and microcores is therefore technically very demanding. Furthermore, the tissues
are anatomically very heterogenous with great differences between very hard wood, with
great portion of very thick-walled fibres, followed by soft, extremely thin-walled cambium,
thin-walled non-collapsed phloem alternating with groups of very hard thick-walled fibres,
and hard collapsed outer bark. Therefore, it is extremely difficult to produce thin sections
without failures such as torn and collapsed parts. Due to very heterogeneous tissues, the
microcore often breaks in the region of cambium which is then destroyed. In addition,
Q. ilex has, like all oaks, very wide (>10 cells) massive rays which potentially become
sclerified in the bark. In the worst cases, the microcore can mostly consist of one big ray. In
the vicinity of the ray, de-orientations of the tissue are frequent, and the measurement of
cell dimensions is not possible. All this hampers the estimation of the number of cells the
cambium is producing on both xylem and phloem sides.

We also observed high variability in the anatomical structure along the circumfer-
ence of the stem, where irregular occurrence of wedging (incomplete) rings and IADFs
constrained the measurements and observations. This high variability along the stem
circumference is also typical of Mediterranean hardwoods, as already shown in Arbutus
unedo L. [34]. Although, despite all these constraints, we were able to reconstruct the
pattern of cambial activity with xylem and phloem formation in Q. ilex. There are some
measures that can help avoiding the bias. A bigger Trephor (cutter diameter > 2 mm) [55]
for microcoring of Q. ilex would help obtaining wider tissue portion to perform the analysis,
even in the cases in which the wide rays occur in the sample. The use of very sharp Trephor
is needed. Perfectly sharp blades for sectioning are also essential; it is often required that
the position of the blade is changed at every cut. Embedding in hard-grade resins could
also be very useful.

5. Conclusions

Q. ilex trees growing at a dry site in southern Italy showed a cambium production
throughout the year with interruptions in wood production in some periods of the year,
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while the production of phloem was uninterrupted. The multimodal pattern in cambial
production on the xylem side seemed to be linked with the precipitation pattern and
lead to the formation of IADFs. Xylem production was scanty in the first half of the
year, while more pronounced between October/December, likely due to the extremely
dry spring/summer and wet and mild winter of 2017. In the outer part of the xylem,
the occurrence of tyloses in the vessels and starch accumulation in parenchyma cells
suggested possible stress due to drought and/or possible fungal infection favoured by
the harsh climatic conditions. Appling quantitative anatomy to measure the cells and
tissues in phloem and using groups of phloem fibres as orientation points to detect phloem
formation between the sampling dates, we showed that phloem was formed throughout
the entire year, even in the periods with no xylem production and in trees not producing
wood increments.

Q. ilex forests subjected to stressful conditions due to abiotic and biotic factors rep-
resent a useful model for studying cambial activity and to better understand adaptation
ability of this species in a scenario of climate change.

The study of xylem and phloem genesis in Q. ilex allowed us to identify the growth
increments throughout a calendar year, also showing the occurrence of IADFs in wood
with different anatomical traits compared to the typical IADFs described for this species,
suggesting that their genesis and possible functional meaning are similar to L-type IADFs
found in Mediterranean pines.
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