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Abstract: It is unclear how the anticipated climate change will affect the timing of phenology of
different tree organs/tissues and thus the whole-tree functioning. We examined the timing of leaf
phenology and secondary growth in three coexisting deciduous tree species (Quercus pubescens
Willd., Fraxinus ornus L. and Ostrya carpinifolia Scop) from a sub-Mediterranean region in 2019.
In addition, we investigated the relationship between leaf and cambial phenology and the onset of
the potential functioning of initial conduits, as determined by the completed differentiation process
(vessels) or final size (sieve tubes). For this purpose, leaf development was monitored and the
microcores of cambium and the youngest phloem and xylem increments were repeatedly collected
at 7–10-day intervals during the growing season. The results revealed differences in the timing of
leaf development and seasonal radial growth patterns in spring among the studied tree species,
depending on wood porosity. We found that cambial cell production started in all cases in the first half
of March. However, in ring-porous Q. pubescens and F. ornus, radial growth in the stem occurred more
than a month before buds were swollen, whereas in diffuse-porous O. carpinifolia, these two events
were detected at almost the same time. The end of cambial cell production occurred earliest in F. ornus
(mid-July) and two weeks later also in the other two species. The widest initial earlywood vessels
and early phloem sieve tubes were found in Q. pubescens, the narrowest initial earlywood vessels in
O. carpinifolia and the narrowest early phloem sieve tubes in F. ornus. This indicates differences in
the efficiency of conducting systems among the studied species. This novel approach of studying
phloem phenology and anatomy in relation to leaf and xylem development contributes to a better
understanding of how different tree species adapt their structure of secondary vascular tissues in
response to environmental change.

Keywords: Quercus pubescens; Fraxinus ornus; Ostrya carpinifolia; earlywood; early phloem; vessel;
sieve tube; radial growth

1. Introduction

Global warming and the increased frequency and severity of weather events will greatly impact the
radial growth patterns of tree species, which adjust their phenology to given environmental cues [1,2].
Phenology, the timing of plant seasonal events (e.g., leaf bud burst, flowering, fruiting, cambial activity),
ranging from an individual to an ecosystem level, plays a fundamental role in the functioning and
productivity of terrestrial ecosystems [3,4]. In deciduous trees, leaf phenology has been proven to be
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a reliable bioindicator of climate change [1]. In contrast, much less is known about the phenology
of non-leafy organs and tissues in trees, such as wood, phloem, and fine roots, [5], which could be
partly attributed to the greater complexity of monitoring them [6]. Since the phenology of different
organs/tissues does not necessarily coincide and is under different biotic and abiotic constraints [5,7],
it is unclear how climate change will affect phenological events and thus the whole-tree functioning.

On the landscape scale, vegetation changes can be obtained from remote-sensing data and can be
used as an appropriate indicator of broadscale vegetation–climate interactions and associated changes
in ecosystem conditions. Vegetation indices can be used, for example, to scale up ground measurements
on individual trees to assess the effect of climate extremes on future forest growth [8]. However, since
vegetation indices are sensitive to the green biomass of the canopy, the link between the timing of leaf
and cambial phenology needs to be provided at individual tree and species levels. Species may have
almost synchronous phenologies among individuals or show high levels of intraspecific variation [9].
Thus, to quantify the climatic impacts on future forest growth and vitality realistically, advancing
our understanding of the climate sensitivity of leaf and cambial phenologies and their interlinkage is
required. A critical first step requires individual tree-level monitoring for different tree species. Several
existing studies comparing the timing of leaf development and stem xylem growth in spring [10–14] or
autumn [15,16] have revealed that interindividual variability in phenologies depends on numerous
factors, such as tree species, tree size, tree age, wood porosity, and environmental conditions.

Leaf and cambial phenology have often been observed in coexisting tree species to evaluate
species-specific environmental requirements to accomplish crucial phenological events which determine
the vessel size (hydraulic properties) [17]. Wood anatomy, as the final result of radial growth patterns,
provides valuable information on how different tree species face climate change. In this sense, much less
is known about the response of phloem phenology to environmental change [18,19], which represents a
gap in our understanding of the ability of tree species to adapt the structure of their secondary vascular
tissues to a shifting phenology [20].

Tree species having different types of wood porosity may coexist, although it is unclear how the
porosity will affect their adaptive potential under the influence of changing environmental conditions.
One of the most important aspects in this regard is the relationship between leaf phenology and initial
earlywood vessel formation in spring [12]. We examined the timing of leaf phenology and secondary
growth in three tree species (Quercus pubescens Willd, Fraxinus ornus L. and Ostrya carpinifolia Scop.) in
the 2019 growing season. In addition, we investigated the influence of spring phenology on the onset of
the potential functioning of initial conduits in the xylem and phloem, as determined by the completed
differentiation process (vessels) or size (sieve tubes). We hypothesized that the species-specific timing
of leaf and cambial phenology determines the size of initial earlywood vessels and early phloem
sieve tubes and their potential conductivity. The study was performed at a sub-Mediterranean site in
Slovenia in which the selected tree species prevalent in the forest stands in the past, and their share,
have been increasing in recent decades on previously cut-down and denuded karst areas. Such a study
has never been performed on F. ornus and O. carpinifolia. The main novelty of our work was to compare
phloem formation phenology and initial sieve tube development with leaf phenological observations.
New information on the seasonal radial growth patterns of coexisting tree species is a first step towards
understanding their adaptation abilities to environmental changes.

2. Materials and Methods

2.1. Study Site Description

The study was conducted in Podgorski Kras (45◦32′56.3” N, 13◦54′36.1” E, 430 m a.s.l.), a karst
region in SW Slovenia. The site was abandoned about 30 years ago and since then the grasslands
were slowly overgrown by trees and shrubs. The vegetation is uneven, with patches of woody plants
interspersed by grassy gaps. Woody plant encroachment is characterized by various mid- and late
succession species, with pubescent oak (Quercus pubescens Willd.), manna ash (Fraxinus ornus L.) and
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European hop-hornbeam (Ostrya carpinifolia Scop.) being among the dominant tree species growing
in either pure or mixed stands. The most abundant shrubs of early succession stages are Juniperus
communis L., Prunus mahaleb L., Cornus mas L., and Cotinus coggygria Scop. The most abundant grassland
species that cover around 20% of the area are Bromopsis erecta, (Huds.) Fourr., Carex humilis Leyss.,
Stipa eriocaulis Borbás., Centaurea rupestris L., Potentilla tommasiniana F. W. Schultz, Anthyllis vulneraria
L., Galium corrudifolium Vill. and Teucrium montanum L. [21]. The average height of the tree layer is
8–10 m; the mean cover of woody species is roughly 55%. The vegetation of the site is mid-successional,
indicating that it is composed of species of the former successional stage (calcareous grassland (Carici
humilis–Centaureetum rupestris Ht. 1931) and of species of the potential natural vegetation of the area
(Ostryo carpinifoliae–Quercetum pubescentis Ht. 1950) [21].

The climate at the study site is sub-Mediterranean, characterized by harsh winter conditions and
frequent dry periods in summer. In the period 1992–2019, the average annual air temperature was
11.9 ◦C (TJan = 2.9 ◦C, TJul = 21.5 ◦C). Precipitation is relatively abundant, about 1300 mm per year
(period 1992–2019), but it is not predictable and not evenly distributed throughout the year. There are
usually two annual rainfall peaks, in autumn and in late spring. Shallow limestone soil and frequent
wind diminish the impact of high precipitation, resulting in a large proportion of deep percolation loss
of soil water and frequent summer droughts [21]. In 2019, the average annual air temperature was
12.9 ◦C (TJan = −2.0 ◦C, TJun = 22.8 ◦C) and the total annual precipitation was 1547 mm. The climatic
data were obtained from the nearby climate station belonging to the Slovenian Environment Agency
(ARSO).

2.2. Xylem and Phloem Formation

At the beginning of the 2019 growing season, six dominant or codominant trees per species were
selected for leaf phenological observations, as well as for monitoring xylem and phloem formation.
The selected trees were without any visible injuries on the tree stem surface. The characteristics of the
sampled individuals are presented in Table 1. Leaf phenology was observed on all trees at 7–10-day
intervals from March until September and 14-day intervals from September until December 2019.
We focused on the period from budburst to full leaf unfolding—i.e., March–May. To document leaf
development, images of a selected crown parts were captured on each sampling date with a digital
camera. The methodology is described in detail by [19].

Table 1. Characteristics of the sampled trees. Mean values ± standard deviation.

Fraxinus ornus Quercus pubescens Ostrya carpinifolia

DBH (cm) 1 13.5 ± 5.4 18.9 ± 4.7 14.3 ± 2.8
H (m) 2 8.9 ± 1.2 9.8 ± 1.0 10.0 ± 1.2

1 DBH – Diameter at breast height; 2 H – height.

From March until September 2019, microcores 2.4 mm in diameter using a Trephor tool [22] were
collected on the same dates when leaf phenological observations were performed. The microcores
were taken in stems at 0.7–1.7 m above the ground following a helical pattern and separated by 3–5 cm
to avoid wound effects. Each microcore contained phloem, cambium and at least the three youngest
xylem rings. Immediately after removal, the microcores were put in 70% ethanol. In the laboratory,
the samples were further processed for preparation of transverse sections stained with safranin and
astra blue for light microscopy (see Gričar et al. [19] for details). On the cross-sections, we assessed the
following developmental phases of xylem and phloem formation, expressed in days of the year (DOY):
(1) onset/end of cambial cell production, (2) appearance of first expanding xylem and phloem cells; (3)
final size of initial early phloem sieve tube; (4) appearance of initial earlywood vessels in expansion
phase; (5) onset of secondary wall formation and lignification of initial earlywood vessels; (6) first
mature initial earlywood vessels; (7) transition from earlywood to latewood; (8) transition from early
to late phloem and (9) cessation of wood formation. The determination and definitions of each phase
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are described in Prislan et al. [18] and Gričar et al. [19]. On the cross-sections taken at the end of the
growing season of 2019, the final widths of xylem and phloem increments were measured along three
radial rows of cells (parallel to the rays) and then averaged (Figure 1). To assess the species-specific
differences in conduit size, the tangential diameter and area of the initial earlywood vessels at the
growth ring boundary were measured and mean values calculated. In phloem, the tangential diameter
and area of 10 randomly selected initial sieve tubes of early phloem were measured and mean values
calculated. All observations and measurements of tissues were performed with an image analysis
system consisting of an Olympus BX51 (Tokyo, Japan) light microscope, a PIXElink, PL-A66Z digital
camera and the NIS-Elements Basic Research V.2.3 image analysis program (Tokyo, Japan).
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Figure 1. Cross-sections of xylem and phloem increments in 2019 in (a) Fraxinus ornus L., (b) Quercus
pubescens Willd. and (c) Ostrya carpinifolia Scop. Area of initial earlywood vessels is marked with yellow;
area of early phloem sieve tubes is marked with green color. XR—xylem increment; PR—phloem
increment; TVD—tangential diameter of initial earlywood vessels. Scale bars = 100 µm.

2.3. Statistical Analysis

Differences among the three selected species in leaf and xylem/phloem phenology, xylem and
phloem ring width and anatomical features (i.e., lumen diameter and area) of initial vessels and sieve
cells were determined using a one-way ANOVA followed by Tukey’s HSD test. The normality of
distribution and homogeneity of variance were verified using the Shapiro–Wilk W test and Levene’s
test, respectively [23]. If the conditions of normality and homogeneity of variance were not met, the
Kruskal–Wallis test was used, followed by the Dunn post-hoc test. In all tests, a 0.05 significance level
was used. Data were analyzed using R environment (package agricolae) [24].
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3. Results

3.1. Timing of Leaf Phenology and Seasonal Radial Growth

The main milestones of leaf development and radial growth are presented in Figure 2, while the
main values (± standard deviation) and the significance of differences (α ≤ 0.05) among the tree species
are presented in Table 2. The onset of cell division in the cambium was detected in the first half of
March in all three deciduous species. Almost simultaneously with cambial reactivation, buds were
swollen in diffuse-porous O. carpinifolia, while this happened more than a month later in ring-porous
F. ornus and Q. pubescens. The time difference between the onset of cambial activity and bud swelling
statistically differed (p = 0.001) among the species—it was longest in F. ornus (41.7 ± 3.4 days) and
shortest in O. carpinifolia (6.0 ± 0.0 days). In Q. pubescens, it was 34.5 ± 5.4 days. Leaf development was
fastest in O. carpinifolia; the first leaves emerged more than a month earlier than in the two ring-porous
species, and full leaf unfolding occurred by mid-May, followed by Q. pubescens and finally F. ornus by
the end of May. This leaf phenological stage generally coincided with the transition from early phloem
to late phloem in all species and the transition from earlywood to latewood in Q. pubescens and F. ornus.
Compared to O. carpinifolia, abundant leaf coloring occurred 2 and 3 weeks earlier in Q. pubescens and
F. ornus. A synchrony in leaf phenological phases was observed among individuals of O. carpinifolia.
In ring-porous species, a modest degree of interindividual variability in spring leaf phenology (up to
15 days) was observed.
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Figure 2. Main leaf phenological phases and timings of xylem and phloem formation for (a) Fraxinus
ornus (FROR); (b) Quercus pubescens (QUPU) and (c) Ostrya carpinifolia (OSCA) in Podgorski Kras
in 2019. SB—swollen buds (blue line); LE—leaf emergence (light-green line); LU—leaf unfolding
(dark-green line); AC—autumn leaf coloring (orange line); OCA—onset of cambial activity (light-blue
dot); EP SC MT—time when initial sieve tubes reached final size (dark-blue dot); EP_LP—transition
from early phloem to late phloem (dark-green dot); IEV_MT—mature initial earlywood vessels (light
red dot); EW_LW—transition from earlywood to latewood (light-green dot); ECA—end of cambial
activity (dark-red dot).
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Table 2. Phenological phases (DOY = day of the year) of leaf development and of xylem and phloem
formation (mean ± standard deviation). Phenological phases marked with the same letters are not
significantly different (α ≤ 0.05).

Phenological Phases (DOY ± Standard Deviation)

Fraxinus ornus Quercus pubescens Ostrya carpinifolia

Onset of cambial cell production 59.33 ± 3.61 b 67.50 ± 3.83 a 71.00 ± 0.00 a

Swollen buds 101.00 ± 3.10 a 102.00 ± 2.45 a 77.00 ± 0.00 b

Final size of initial early phloem sieve tube 106.33 ± 3.27 a 97.00 ± 3.27 b 99.00 ± 6.57 a,b

Leaf emergence 123.50 ± 6.12 a 119.33 ± 4.08 b 85.00 ± 0.00 c

Transition from early phloem to late phloem 130.00 ± 6.26 b 147.00 ± 3.29 a 133.50 ± 3.84 b

Transition from earlywood to latewood 152.50 ± 2.74 b 134.67 ± 3.61 a /

Full leaf unfolding 146.00 ± 3.10 a 140.83 ± 2.86 b 131.50 ± 3.83 c

Mature initial earlywood vessel 137.00 ± 0.00 b 133.50 ± 3.84 b 159.50 ± 4.93 a

End of cambial cell production 191.83 ± 11.96 b 208.33 ± 3.61 a 205.33 ± 7.17 a,b

Autumn leaf coloring 298.33 ± 8.26 c 309.00 ± 0.00 b 322.00 ± 0.00 a

The cambial cell production period ceased earliest in F. ornus, by mid-July, and by the end of July
also in O. carpinifolia and in Q. pubescens (Figure 2, Table 2). Although the period of cell production was
the longest in Q. pubescens (140.8 ± 6.9 days) and shortest in F. ornus (132.5 ± 14.7 days), the widest
xylem increments were found in F. ornus and narrowest in Q. pubescens (Figure 3, Table 3). In phloem,
the annual increment widths were positively related to the duration of cambial activity. In all cases,
xylem increments in 2019 were wider than phloem increments. In F. ornus, the xylem increment was
86% greater than the phloem increment, 74% greater in O. carpinifolia and 68% in Q. pubescens.
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pubescens (QUPU) and Ostrya carpinifolia (OSCA) in Podgorski Kras in 2019. For significance letters see
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Table 3. Xylem and phloem ring widths and anatomical characteristics of initial earlywood vessels
(IEVs) and sieve tubes (mean ± standard deviation). Characteristics marked with the same letters are
not significantly different (α ≤ 0.05).

Xylem and Phloem Characteristics

Fraxinus ornus Quercus pubescens Ostrya carpinifolia

Xylem ring width (µm) 1136.7 ± 550.8 b 737.2 ± 269.9 a 814.41 ± 526.09 a

Phloem ring width (µm) 158.3 ± 30.4 b 236.8 ± 37.4 a 213.1 ± 73.3 b

IEV diameter (µm) 144.1 ± 20.7 b 271.9 ± 44.8 a 70.3 ± 10.2 c

IEV area (µm2) 18,011.1 ± 4629.5 b 61,007.9 ± 15,713.7 a 5216.7 ± 1406.7 c

Sieve tube diameter (µm) 34.5 ± 4.1 b 45.4 ± 6.4 a 37.5 ± 4.3 c

Sieve tube area (µm2) 852.7 ± 166.6 b 1213.4 ± 222.8 a 1038.4 ± 151.5 c

3.2. Development of Initial Conduits in Relation to Leaf Phenology

In phloem, initial sieve tubes started to expand around the time of cambial reactivation in all species
and reached their final size at the time of swollen buds in Q. pubescens and F. ornus. In O. carpinifolia,
initial sieve tube expansion was completed 2 weeks after the emergence of the first leaves. The final
size of initial sieve tubes, in all cases, indicating their ability to transport assimilates, occurred much
earlier than the complete maturation of initial earlywood vessels, indicating their ability to conduct
water (Figure 2, Table 2). Sieve tubes thus reached their final size 1 month earlier than initial earlywood
vessels which were fully matured in Q. pubescens and F. ornus, and 2 months earlier in O. carpinifolia.

The first initial earlywood vessels appeared earliest in Q. pubescens, at the end of March—i.e., on
average 22.5 days after the onset of cambial cell production. In F. ornus and O. carpinifolia, these cells
first appeared in mid-April and the end of April, which is 6 and 7 weeks, respectively, after the onset of
radial growth. At the time of first leaf emergence, initial earlywood vessels were already in the phase of
wall thickening and lignification in Q. pubescens and F. ornus. In O. carpinifolia, only the first expanding
xylem cells were detected at that time, whereas expanding initial vessels were observed a month later.
Initial vessels thus needed 6 weeks for full development in Q. pubescens, 5 weeks in F. ornus and 5.5
weeks in O. carpinifolia. Compared to leaf phenology they were fully developed 7–9 days before full
leaf unfolding in Q. pubescens and F. ornus and 4 weeks after full leaf unfolding in O. carpinifolia.

3.3. Size of Initial Earlywood Vessels and Early Phloem Sieve Tubes

The widest initial earlywood vessels and early phloem sieve tubes were found in Q. pubescens,
the narrowest initial earlywood vessels in O. carpinifolia and the narrowest early phloem sieve tubes
in F. ornus (Figure 4, Table 3). Nevertheless, in all cases, conduits wider in xylem than in phloem
were measured; they were 83.3% wider in Q. pubescens, 76.1% in F. ornus and 46.7% in O. carpinifolia.
Differences in conduit area were detected, based on differences in conduit size in xylem and phloem.
To summarize, initial earlywood vessels in Q. pubescens were 70.5% and 91.4% larger than in F. ornus
and O. carpinifolia, respectively. Furthermore, early phloem sieve tubes were 29.7% and 14.4% larger
than in F. ornus and O. carpinifolia, respectively.
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4. Discussion

Our preliminary study of leaf phenology and seasonal radial growth in three coexisting tree
species (two ring-porous and one diffuse-porous) revealed different growth patterns among the studied
species, which resulted in different xylem and phloem conduit anatomies.

4.1. Widths of Annual Increments in Relation to Phenology and Weather Conditions

The results of our study confirmed the hypothesis and are in line with previous reports that the
timing of leaf and cambial phenology and their interlinkage is species-specific and largely depends on
wood porosity [10,12]. We found that, in all cases, cambial cell production started in the first half of
March. However, in ring-porous Q. pubescens and F. ornus, radial growth in the stem occurred more
than a month before buds were swollen, whereas in diffuse-porous O. carpinifolia, these two events
were detected at almost the same time. The end of cambial cell production seemed not to be related to
wood porosity; it occurred earliest in F. ornus (mid-July) and almost at the same time in the other two
species (second half of July). While the widths of phloem increments were positively related to the
duration of the growing season, in xylem, this relation was just the opposite. The phloem increment of
2019 in F. ornus was about 33% narrower than in Q. pubescens and 10% narrower than in O. carpinifolia.
In contrast, the xylem increment in F. ornus was about 35% wider than in Q. pubescens and 28% wider
than in O. carpinifolia. The negative relation between the duration of cambial activity and annual xylem
widths in F. ornus suggests that the rate of cell production on the xylem side was higher than in the
other two species, which was reflected in wider xylem increments. In addition to the duration of
the cambial cell production period, the rate of cell division is an important determinant of increment
widths [2,25]. A detailed analysis of seasonal radial growth was not the subject of the current research;
however, only such multi-year data would allow a more detailed comparison of growth rates among
the studied species.

For the same reason, a detailed weather-growth analysis could not be performed; we could
only compare the phenology and annual increments in a given growing season. Compared to the
long-term average (1992–2019), 70% less precipitation was detected in March 2019—i.e., at the onset
of cambial activity and leaf development. May was an abnormally wet month, with 158% more
precipitation, whereas June was an exceptionally dry month, with 89% less rainfall. It was followed
by a dry July, which could explain the cessation of cambial activity in this month. No data exist
on the seasonal dynamics of radial growth in F. ornus and O. carpinifolia; it is therefore difficult to
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assess to what extent the dry June/July affected normal cambium rhythm. This is not the case for
Q. pubescens, for which, in addition to the data of other researchers [26], we have been monitoring
the intra-annual growth of at this site since 2014. The 6-year data record shows that cambial cell
production ends in the period mid-July and mid-August, depending on the weather conditions in that
year. Low soil water availability in combination with unfavorable growth conditions in June–July
(high air temperatures and/or lack of precipitation) may cause the earlier cessation of tree growth in
Q. pubescens at Podgorski Kras [27]. However, it also seemed that weather conditions in the driest
summer months (second part of July–August) have no major effect on the duration of radial growth,
because cambial cell production is usually finished by that time, which might be an adaptation of
this species to local environmental conditions in terms of finishing the majority of its radial growth
before stressful conditions may appear [26,27]. It can thus be concluded that early onset and early end
of cambial activity in combination with intensive growth in favorable months, which was observed
in our new studied species, F. ornus, is a good prerequisite for successful growth in Mediterranean
environments. Although a single study of radial growth does not allow any reliable comparisons and
solid conclusions on the annual growth patterns of the investigated tree species, especially in relation
to environmental cues, it does show a species-specific timeline of leaf and cambial phenology and,
consequently, of the final widths of xylem and phloem increments.

4.2. Linkage between Leaf Phenology and Development of Initial Earlywood Vessels

While the timing of cambial cell production characterizes the timing of the onset of secondary
growth, fully differentiated initial conduits indicate the time to the potential functioning of newly
formed xylem and phloem cells. Initial earlywood vessels are located at the growth ring boundary
and are formed at the onset of the growing season in spring. These initial vessels differ from
subsequent earlywood cells because (1) they are formed before (ring-porous species) or during
(diffuse-porous species) the early stages of leaf development and (2) they are usually the largest
vessels in the xylem increment, which positively influences their water transportation capacity [28].
Different timelines in leaf and cambial phenology depending on wood porosity result in different
requirements for non-structural carbohydrates. In ring-porous species, the formation of initial
earlywood vessels relies on non-structural carbohydrates produced in previous years and stored in
parenchyma cells. In diffuse-porous species, in contrast, initial earlywood vessel development occurs
after leaf expansion, so their formation largely depends on recent carbohydrates derived directly
from photosynthesis [29,30]. We also found greater interindividual synchrony in the observed leaf
phenological phases in diffuse-porous O. carpinifolia than in the two ring-porous species.

Our findings are in line with previous reports that initial earlywood vessel formation tends to
occur earlier in ring-porous than in diffuse-porous tree species [10,12]. Differences in the timing and
rate of initial vessel development were observed between the two ring-porous species. In Q. pubescens,
the first expanding vessels occurred 11 days earlier and were mature 4 days earlier than in F. ornus.
Furthermore, it seems that the development of leaves and initial vessels, when it started, proceeded
less intensely in diffuse-porous O. carpinifolia than in ring-porous Q. pubescens and F. ornus. In relation
to leaf phenology, initial earlywood vessels in ring-porous species are formed before full leaf unfolding,
to be ready for water transport by the time the canopy is fully developed. Wide earlywood vessels
are generally functional only over a short period of time—i.e., in the growing season in which they
are formed. It is therefore crucial for newly developed conduits to be operational before maximum
transpiration is reached [13,31]. In diffuse-porous O. carpinifolia, the maturation of initial earlywood
vessels was completed 4 weeks after full leaf unfolding. Since vessels of multiple years are involved
in water transport, the development of new cells is not so critical in terms of tree functioning; it may
therefore occur at slower rates [28].
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4.3. Characteristics of Initial Earlywood Vessels

The anatomy and water transport efficiency of conduits are influenced by several species-specific
and environmental factors. We found that initial earlywood vessels were considerably larger in
Q. pubescens than in the other two species, which leads to a differently efficient conducting system in
xylem. Because the hydraulic efficiency of a vessel increases proportionally to the fourth power of
its radius (Hagen-Poiseuille law) there is a strong vessel size-conductivity relationship, meaning that
even small differences in vessel size drastically change water transport efficiency and security [31].
Based on the data, we can assume that the most efficient water transport is provided in Q. pubescens
and the least in O. carpinifolia. At the same time, the risk of breakage of the water column due to
embolism under drought stress is higher in wider conduits (in Q. pubescens in our case) than in smaller
ones and can jeopardize tree viability. In ring-porous species, the dysfunction of wide earlywood
vessels from embolism and tyloses occurs within a year of their formation [13,32], although much less
efficient, small-diameter latewood vessels may remain functional for many years. The combination of
wide earlywood and narrow latewood vessels in ring-porous species thus guarantees efficient and
safe water transport [13], even in the case of stressful events, and may function to prevent complete
transport failure [28]. In temperate diffuse-porous species, the diameter of earlywood vessels is smaller
than in ring-porous species. In addition, differences in the size of earlywood and latewood vessels are
much less pronounced, which results in similar water transportation capacity.

4.4. Linkage between Leaf Phenology and Development and Size of Initial Early Phloem Sieve Tubes

Unlike with xylem phenology, the relationship between leaf phenology and phloem development
is generally poorly characterized in most tree species, which contrasts with its crucial role in a tree
to provide the long-distance transport of photosynthates and signaling molecules among different
organs/tissues [20]. Consequently, little is known about the links among phloem anatomy, transport
capacity and vulnerability to environmental cues [33,34].

We found that the differentiation of the initial early phloem sieve tubes started at the same
time as cell production, which is in agreement with previous observations in temperate deciduous
species [18]. These cells reached their final size either at the time of swollen buds in Q. pubescens and
F. ornus (ring-porous) or 2 weeks after first leaf emergence in O. carpinifolia (diffuse-porous). As with
initial earlywood vessel development, the growth of early phloem sieve tubes in ring-porous species
also seemed to be fueled by storage reserves, whereas newly formed photosynthates are required
in diffuse-porous species. Different strategies to overwinter and reactivate sieve tubes in spring
have previously been found. In Fagus sylvatica—for example, phloem formation started with the
expansion of the overwintered early phloem sieve tubes next to the cambium at the onset of cambial
reactivation [18]. However, to ensure sufficient photosynthate transport to the developing tissues, the
late phloem formed in the previous growing season continued functioning until a sufficient amount
of newly formed sieve tubes had been formed to be able to take on this task [18]. The methods for
sample preparation and light microscopy used in the paper did not allow more detailed observations
of the seasonal changes and functionality of xylem and phloem cells. For a better understanding of
sieve tube functionality and age-related changes, such as their collapse and death, which ultimately
ceases their conducting function, proper sample preparation and examination at higher resolutions
with more sophisticated equipment (e.g., SEM, TEM) is required [18].

Differences in the widths of phloem increments and the size of early phloem conduits were found.
These two phloem parameters were positively related, with the highest values found in Q. pubescens
and the lowest in F. ornus. Q. pubescens, with 33% and 10% wider increments than F. ornus and O.
caprinifolia, respectively. Furthermore, Q. pubescens had 24% and 17% wider increments than F. ornus
and O. caprinifolia, respectively. The results indicate differences in the efficiency of phloem conducting
systems among the studied species. To compare and evaluate seasonal differences in the efficiency of
conducting phloem, analyses of cell characteristics and cell types in the non-collapsed phloem part
are needed. In temperate tree species, the structure of early and late phloem differs and defines the
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prevailing function. Large early phloem sieve tubes are involved in conducting, whereas a high share
of axial parenchyma in late phloem indicates the importance of the storage function [35]. So, not
only the morphology of conducting cells but also the quantity of storage tissue (parenchyma), mainly
located in late phloem, influence whole-tree transport processes and resource partitioning [36].

4.5. Hormonal Control of Xylem and Phloem Development

The onset of radial growth before bud break in ring-porous species is explained by hormonal
regulation in terms of increased cambium sensitivity to auxin [37]. This enhanced cambium sensitivity
to extremely low auxin concentrations enables the development of large initial earlywood vessels
within a limited period of time in early spring. Increased cell expansion before secondary wall
deposition permits the formation of very wide earlywood vessels. In diffuse-porous tree species,
conversely, a low cambium sensitivity to auxin and the formation of initial earlywood vessels after first
leaf emergence (i.e., 5 weeks in O. carpinifolia), which requires high auxin concentrations, results in
narrow vessels [38]. Similarly, the development of initial sieve tubes in early phloem occurs before
bud break and the remaining early phloem portion is formed in the period of early leaf development,
when only low-concentration auxin streams are produced. Changes in auxin concentrations may
explain the development of the two vascular tissues in trees: low concentrations induce sieve tube
formation in phloem, whereas high concentrations induce vessel formation in xylem. Thus, auxin
concentration-driven process can be modulated by changes in cambial sensitivity to auxin are the cause
of phloem growth preceding that of xylem at the beginning of the growing season [39].

The transition from early to late phloem and, in ring-porous species also, the transition from
earlywood to latewood, occurred in the period of full leaf unfolding. These transitions result in
structural changes in xylem and phloem and are induced by hormonal signals originating from
developing and fully developed leaves [37]. Unlike young leaves, which produce auxin, which
stimulates sieve tube and vessel formation [40], mature leaves induce gibberellins [41], which stimulate
the development of fibers in xylem and phloem [37]. In Q. pubescens and O. carpinifolia, fibers are
present in late phloem. In Q. pubescens, the onset of wall thickening helps to denote the transition from
early to late phloem, whereas in O. carpinifolia, this differentiation stage was detected around 2 weeks
later. In F. ornus, no fibers occur in late phloem of the current increment. However, a sclerification of
parenchyma cells occurred in the previous phloem increment (formed in 2018) at the end of June—i.e.,
a month after full leaf unfolding.

5. Conclusions

The effect of spring phenology on the conduit size in xylem and phloem in three coexisting
sub-Mediterranean tree species (two ring-porous and one diffuse-porous) was first addressed in our
study. Such data are generally lacking for F. ornus and O. capinifolia, two of the most common deciduous
tree species in sub-Mediterranean forests. Although their wood is of low economic interest (e.g., fodder
for livestock, firewood), their ecological relevance for the reforestation of degraded or poor soils has
been recognized. In addition, Mediterranean forest types are projected to increase in Central Europe
due to climate change [7,42], which has led to a growing interest in the wood properties of these tree
species [43,44]. Information on the seasonal dynamics of radial growth are thus essential in terms of
carbon allocation and tree hydraulics. Data on longer temporal and spatial scales are undoubtedly
needed; however, our preliminary results during one growing season provide valuable information
on the chronological sequence of leaf phenology and seasonal radial growth in different tree species.
Since the timing of leaf and cambial phenology and their interlinkage is species-specific, phenological
observations in trees should encompass data on seasonal radial growth, crucial processes for tree
functioning, to improve the accuracy of dynamic global vegetation models that aim to understand and
predict the responses of terrestrial ecosystems to environmental changes [6,7].
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2. Rossi, S.; Anfodillo, T.; Čufar, K.; Cuny, H.E.; Deslauriers, A.; Fonti, P.; Frank, D.; Gričar, J.; Gruber, A.;
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