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Abstract

An increased frequency of fire events on the Slovenian Karst is in line with future climate-change
scenarios for drought-prone environments worldwide. It is therefore of the utmost importance to
better understand tree-fire-climate interactions for predicting the impact of changing environment
on tree functioning. To this purpose, we studied the post-fire effects on leaf development, leaf
carbon isotope composition (5'3C), radial growth patterns and the xylem and phloem anatomy in
undamaged (H-trees) and fire-damaged trees (F-trees) of Q. pubescens with good re-sprouting
ability in spring 2017, the growing season after a rangeland fire in August 2016. We found that
the fully developed canopy of F-trees reached only half of the LAI values measured in H-trees.
Throughout the season, F-trees were characterised by higher water potential and stomatal
conductivity and achieved higher photosynthetic rates compared to unburnt H-trees. The foliage
of F-trees had more negative 6'°C values than those of H-trees. This reflects that F-trees less
frequently meet stomatal limitations due to reduced transpirational area and more favourable leaf-
to-root ratio. In addition, the growth of leaves in F-trees relied more on the recent photosynthates
than on reserves due to the fire disturbed starch accumulation in the previous season. Cambial
production stopped 3 weeks later in F-trees, resulting in 60 % and 22 % wider xylem and phloem
increments, respectively. A novel approach by including phloem anatomy in the analyses
revealed that fire caused changes in conduit dimensions in the early phloem but not in the
earlywood. However, premature formation of the tyloses in the earlywood vessels of the youngest
two xylem increments in F-trees implies that xylem hydraulic integrity was also affected by heat.
Analyses of secondary tissues showed that although xylem and phloem tissues are interlinked

changes in their transport systems due to heat damage are not necessarily coordinated.
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Introduction

The landscape history of Mediterranean-type ecosystems shows strong changes of its use; from
intensive and extensive land use in the past to increasing abandonment in recent decades (Pausas
2006). Land abandonment results in increasing the cover of early-succession woody species,
which is allegedly one of the main reasons for the increased frequency of fire events (Pausas
2006). Such a situation is also characteristic of the Slovenian karst (Kaligari¢ and Ivajnsi¢ 2014),
which is one of the most fire-endangered areas in the country, with an increasing frequency of
fire events and the extent of burned areas since 2003 (Veble and Brecko Grubar 2016). The great
majority of the fires here are caused by infrastructure, e.g., trains, which throw sparks along the
track, or human negligence. The periods with the highest frequency of fire events are February—
March and July—August, with a higher extent of burnt areas coinciding with the latter period,
characterised by long dry periods, rainfall shortage and high temperature (Veble and Brecko
Grubar 2016). Since fire risks are increasing in the Mediterranean also because of climate change
associated with increased intensity and frequency of heat waves and prolonged droughts
(Schréter et al. 2005), the impact of such changes on forest ecosystems deserves deeper

investigation.

Fire can directly harm trees causing heat-induced injuries, tissue necrosis. These can lead
to the death of plant parts, organs or, when fire is particularly destructive, to mortality of a tree.
The affected tree part, extent and severity of these first-order fire effects depend very much on the
type of the fire, its intensity, and on the heat transfer into tissues in roots, stem and crown (Bér et
al. 2019). Nonlethal heat injuries can trigger second-order effects, impaired carbon and water
balance and increased susceptibility to biotic stress (Michaletz and Johnson 2007, Bér et al.

2019).
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Vegetation in fire-prone ecosystems has evolved traits contributing to plant persistence
and regeneration after fire (Paula et al. 2009). Among others there are ones limiting heat transfer
to most vital tissues. In trees, thick dead bark provides strong heat insulation to prevent injuries of
the inner tissues and preserves functionality of phloem, i.e. assimilate allocation and storage, and
activity of vascular cambium, i.e. secondary growth (Pausas 2015). However, when fire intensity
exceeds bark insulation capability critical necrosis temperatures can develop not only there but
also in the underlying xylem. Its hydraulic function can be impaired due to an enhanced risk for
cavitation and heat induced structural alterations. Fire can cause changes in the fine wood
structure, such as pit architecture, e.g., porosity of pit membranes, or cell wall structure
(Michaletz et al. 2012, Bér et al. 2018). In ring-porous Castanea sativa, tyloses, which block
vessels lumen, were formed in response to fire occurring during the growing season (Bigio et al.
2010). Hydraulic integrity can be impaired until dysfunctional sapwood area is completely
replaced. The recovery is faster in species with few active xylem rings, such as oaks, where
annual xylem increment represents a large portion of the sapwood area. Battipaglia et al. (2014)
showed such a reaction for Pinus halepensis where a decrease in radial growth and in relative
conductivity in the first year after the fire was followed by complete recovery. However,
frequently wood-anatomical post-fire effects may appear several years following fire, due to
cambium dysfunction, reduced carbohydrate pools and stomatal limitations of photosynthesis,
induced by hydraulic effects. When fire induced carbon starvation and hydraulic dysfunction are
too severe, they can lead to tree mortality, most commonly co-induced by other stress factors

such as drought or pest attack (Michaletz 2018, Bar et al. 2019).

In terms of post-fire tree mortality, the degree of crown injury and ability for foliage

recovery is also relevant (Catry et al. 2010). Sufficient leaf area is needed to cover the demand for
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carbohydrates and maintain favourable carbon balance. Mediterranean Quercus species can
resprout efficiently after fire and regenerate from seeds (Pausas 2006). However, the intervals
between recurrent fires were shown to be the main determinant of post-fire resilience, due to their
direct effect on mortality, selection and replacement of plant populations (Schafthauser et al.
2012). Quercus pubescens thrives successfully only in mixed forest stands or woodlands with low
fire recurrence, where seed dispersal is efficient and seedlings can germinate in the shade.
Climate change and increased fire frequency may have a severe impact on its post-fire survival
and regeneration capacity (Curt et al. 2009). Trees weakened by fire are particularly vulnerable to
periods of drought in the years that follow fire events (Catry et al. 2010). It is therefore important
to understand tree-fire-climate interactions for predicting the impact of changing environment on
tree functioning. Despite several publications on the post-fire effect on different tree properties,
such as xylem structure and hydraulics, intra-annual patterns of radial growth were not examined
in these studies. In particular, the response of phloem is poorly understood in this respect
although, as the living tissue located directly under the dead bark, it is often damaged by fire and
its injuries seriously impair long-distance source-to-sink transport of carbohydrates (Holtta et al.

2014).

Because of the increased frequency of fire events on the Slovenian karst (Veble and
Brecko Grubar 2016), we investigated the effect of this disturbance event on Q. pubescens, a
dominant tree species in this region. In the period 7-10 August 2016, a forest fire occurred and
burnt about 460 ha of the area (Zavod za gozdove Slovenije 2017). Since cambial cell production
of Quercus pubescens had finished by that date (Gricar et al. 2018), it did not affect radial growth
in the current growing season, but we assumed that a post-fire effect would be traceable in the

following growing season and would affect: (i) leaf development and functioning, (ii) stem radial



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

growth dynamics and (iii) xylem and phloem anatomy in different tree parts. To test this
hypothesis, we selected two groups of Q. pubescens, undamaged (H-trees) and trees damaged by

the fire (F-trees) and performed eco-physiological, stable carbon isotope and anatomical analyses.

Material and methods
Study site characteristics

The study site was located on the Podgorski Kras (45°32'56.3"N, 13°54'36.1"E, 430 m a.s.l.),
which belongs to the karstic region in SW Slovenia. Since the abandonment of the area about 30
years ago, it has been overgrown by various woody plant species. One of the dominant tree
species is pubescent oak (Quercus pubescens Willd.), which grows either in patches or solitary.
The climate is sub-Mediterranean, with typical fairly harsh winters (Tian = 2.8°C for the period
1992-2017) and frequent dry and hot summers (T = 21.5°C for the period 1992-2017). In 2017,
the average annual air temperature was 12.2°C (Tran = —0.4°C, Taug = 22.8°C), the total annual
precipitation was 1505 mm. The data were recorded from the nearby Kozina climate station
belonging to the Slovenian Environment Agency (ARSO) (Figure 1). Despite relatively high
annual precipitation (P = 1300 mm for the period 1992-2017), shallow soil and regular wind
diminish its impact, resulting in a large proportion of deep percolation loss of soil water and,
consequently, frequent drought events, particularly during the summer period (Ferlan et al. 2016).

The bedrock on the plot is rendzic leptosol on paleogenic limestone.

[Figure 1]
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Tree selection and leaf analysis

A forest fire occurred at the site from 7-10 August 2016; high-spread low intensity fire damaged
the understorey aboveground biomass and, at the same time, caused significant scorching of Q.
pubescens crowns (Zavod za gozdove Slovenije 2017). The leaves of trees, up to a height of ca. 7
m, dried and died but were mostly not burnt and remained on the trees. Small twigs were also
damaged. The fire effects, however, were not uniform. Since the forest stand is very sparse,
certain parts of the forest fire area suffered little or no damage. The fact that some trees were left
intact enabled us direct assessment of post-fire effects on tree growth. In burnt trees that had lost
a considerable part of their leaf area re-spouting of new shoots occurred in September 2016, after
the first autumn rains. In October 2016, two groups of six pubescent oaks (Quercus pubescens)
55 £ 5 years old, similar in their DBH (20 = 1.5 cm), height (10 + 1.5 m) and bark thickness at
the breast height (1.53 + 0.29 cm), were selected for the study. In the group of H-trees, trees with
no visible heat damage on the stem bark or crown were assigned. No post fire re-sprouting was
detected in autumn 2016. In addition, herb and shrub layers were not affected by the fire. F-trees
were chosen on areas where herb and shrub layers were damaged and tree level considerably
affected due to heat exposure. The group of F-trees consisted of trees that had survived but were
damaged by the fire. Signs of damage were visible as stem-bark chars extended up to 2 m above
the ground and the presence of autumn shoots. F-trees suffered more than 95 % of leaf-loss based
on drone aerial photo estimation. In March 2017, we removed a small portion of dead bark to
make sure that heat exposure had not caused necrosis of living cells (i.e., inner phloem and
cambium). This would have prevented phloem functioning and the radial growth of trees and thus
limit their survival and consequently their suitability for the study. The assessment was done on

the basis of visual observation of the colour and moisture of the inner living phloem tissue and
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cambial region. If the tissue appeared dry to touch, with a dark brown colour, we concluded that
it died. These trees were not considered for the sampling. If the tissue beneath the dead bark
layers was moist, with a dark yellowish-red/pink colour, we concluded that damage of the stem
was not too severe to cause necrosis of the living tissues. These trees were selected for the study

and were assigned to F group.

In 2017, we performed leaf phenological observations, leaf area index (LAI)
measurements, carbon isotope composition (6'°C analyses), leaf gas-exchange and water potential
measurements for each group of trees. Leaf phenology was observed on all oaks at 7-10-day
intervals from March until November. In particular, we focused on the period from budburst to
full leaf unfolding, i.e., March—-May. To document leaf development, images of a selected crown
part were captured on each sampling date with a digital camera. The methodology is described in
detail in Gricar et al. (2017). At the same time, LAI, the one-sided leaf surface area per ground
surface area (m’m), was measured for each group of oaks with a LAI-2200 Plant Canopy
Analyzer (LI-COR Inc., USA). LAI measurements were performed in several transects in the
small woodland patches in which the selected trees were growing. Mean LAI per tree group was
calculated for each measurement term, i.e. ,7—10-day interval (LAI-2200 Instruction Manual

2012, for details see Lavric et al. (2017)).

At the same time, leaves for the 6'°C analysis were sampled from each assigned
individual tree in both groups at the sun exposed southern part of the crown at 4-5 m above the
ground. In the laboratory, the leaves were dried in the oven, grounded to fine dust using ball grind
mill. Leaves from the same group of trees were pooled to perform the 6'°C analysis. Altogether
50 samples were analysed; that is 25 samples for each tree group. A known mass of each dry leaf

sample was weighed in a tin capsule. Stable isotope ratios of carbon (**C/'>C) measurements were
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performed on a 20-20 continuous flow IRMS (Europa Scientific, Crew, UK) with an ANCA-SL
solid-liquid preparation module. The stable carbon isotopic values are expressed in the delta
notation, 6'°C, as the deviation, in parts per million (%o), from the Vienna Pee Dee Belemnite
(VPDB) standard for carbon. Analyses were calibrated against certified reference materials:
IAEA-CH-3 (cellulose), SERCON Protein (Casein) OAS and SERCON Wheat Flour OAS values
of —24.72 + 0.05%o0, —26.98 £ 0.13%o, and —27.21 + 0.13%o, respectively. The precision of the

measurements for bulk material was £0.2%eo.

Leaf gas exchange, leaf water potential

Leaf measurements were taken four times during the growing season, covering different stages of
radial growth and periods with different water availability: 21 June, 18 July (in the period of
latewood formation), 8 August (at the cessation of cambial activity, drought period) and 24
August (in the period of wall formation of terminal latewood cells, drought period). Fully
developed sun exposed leaves from the southern part of the crown were measured by using two
LI-6400 XT portable photosynthesis systems (LI-COR, Lincoln, USA). Measurements were
taken simultaneously for the two tree groups, from 9 to 11 a.m., at a constant reference CO2
concentration (400 umol mol™!) and photon flux density (1500 pm mol m™ s!), controlling
temperature and water vapour deficit at the ambient level (targeting to average for measuring
time with respect to daily weather conditions). Six leaves each from three trees were measured
per group. Net photosynthesis (4), transpiration (E), stomatal conductance (gs) and intercellular

leat CO2 concentration (Ci) were recorded when steady state conditions had been reached.

The measured leaves were collected and the chlorophyll content was determined by

SPAD (Konica-Minolta Sensing Inc., Osaka, Japan). Homogeneity in the light exposure of the
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measured leaves was tested by assessing specific leaf area, after the leaves had been scanned
(area measurements), dried and weighed in the lab. The same leaves were analysed for isotopic

composition.

On-site measurements of midday (¥midday) and predawn water potential (Ppredawn) Were
determined in the leaves, similar to those measured by Li6400, using the pressure chamber
technique (Scholander, Hemmingsen, Hammel & Bradstreet, 1964; chamber 3005-1223, Soil
Moisture Equipment Corp., Goleta, USA). Three leaves each from three trees were sampled for

each tree group.

Xylem and phloem tissue analysis

For analysis of xylem and phloem formation, microcores were collected at weekly intervals from
end-March until mid-October 2017, using a Trephor tool (Rossi et al. 2006). The samples were
taken at 0.7—-1.7 m above the ground following a helical pattern up the stem and separated by 3—5
cm in order to avoid wound effects. Each microcore contained non-collapsed and collapsed
phloem, cambium and at least three of the last-formed xylem rings. For xylem and phloem
anatomy analysis, microcores were collected in November, when current annual phloem and
xylem increments were fully developed. In this case, the samples were taken from three different
tree-parts: two locations from the stem, 1.5 m and 3 m above the ground and one from a branch, 3
m from the apex. The sampled branches, with diameters at the sampling locations of 6.0+1.1 cm,
were located approximately 3 m above the ground. In F-trees, sampling at stem below 2 m above
the ground was performed on the scorched area and above that height on the unburnt stem part.

Immediately after removal from the trees, the samples were fixed in ethanol-formalin acetic acid

10
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solution (FAA) and further processed in the laboratory for preparation of transverse sections

stained with safranin and astra blue for histometrical analysis (see Gricar et al. 2017 for details).

On the sections intended for radial growth analysis: (1) the number of cells in the
cambium was counted and (2) the widths of currently formed xylem and phloem increments
along three radial files were measured and then averaged. 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) maximum rates of xylem and phloem cell production;
(3) transition from earlywood to latewood and from early to late phloem and (4) cessation of
wood formation. The definitions of each phase are described in Gricar et al. (2017). We analysed
the hydraulic architecture in earlywood and early phloem in completely developed xylem and
phloem increments of samples taken at three positions in a tree. In the case of xylem, we assessed
the fire effect on wood hydraulics by analysing the anatomy of the latest three increments (2015-
2017), i.e., formed before and after the fire. Specifically, the following earlywood vessel
parameters were analysed and mean values calculated: tangential diameter (MVD), area (MVA)
and density (VD: number of cells / 1 mm?). Earlywood vessel parameters were analysed for the
first ring of vessels and for all earlywood vessels. In phloem, we analysed the youngest phloem
increment of 2017. The tangential diameter (MSD) and area (MSA) of 30 randomly selected

sieve tubes of early phloem were measured and mean values calculated.

Statistical data analysis

Statistical data analyses were different for different groups of tree functioning parameters. For
wood and phloem formation milestones, one-way ANOVA was used to compare the two groups

of trees (H and F). For phloem anatomy parameters, factorial ANOVA was used to test for

11
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significance of tree group (2 levels) and tree part (3 levels). For xylem anatomy, a linear mixed
model was used, with tree group, tree part and year as fixed factors and tree as random factor.
Similarly, linear mixed models were developed for leaf physiology parameters with tree group

and day of year as fixed factors and leaf and tree as random factors (leaf nested within tree).

The Gompertz function was fitted to the increments of xylem and phloem widths for each
tree group separately (Rossi et al. 2003). Model fits were evaluated by computing mean absolute
error and Efron’s pseudo-R? (calculated as one minus the ratio between the sum of squared model
residuals and the sum of total variability). To investigate the differences between tree groups in
xylem and phloem growth, the joint Gompertz model for combined data of all tree groups was
compared with a model with tree groups being the fixed cofactor. The comparison was made

using a partial F-test.

In all cases, the assumption of normality was assessed graphically (Q-Q plot) and
homogeneity of variance was tested using the Levene test. When assumptions were violated,
Box-Cox transformation was used for variance stabilisation and greater normality in data
distribution. In all tests, a 0.05 significance level was used. Data were analysed using R

environment (package nlme) (R Core Team 2018).

Results
Leaf phenology and carbon isotope composition

Spring leaf phenology was comparable in the two tree groups. LAI values followed leaf
development; although the values were higher in H-trees in all cases (Figure 2). Buds started to

open in the first half of April (DOY 105.9 & 5.4), followed by first leaf emergence in the second

12
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part of April. In mid-April, the average LAI values were 0.42 + 0.12 m?>m for H-trees and 0.25 =
0.10 m*m2 for F-trees. Full leaf unfolding occurred by mid-May (DOY 138-140). At that time,
the LAI values were 1.86 + 0.39 m?>m™ for H-trees and 1.00 = 0.19 m?>m for F-trees. The period

from bud opening to full leaf unfolding lasted on average 32 days.

The average 6'°C values in leaves varied with respect to the tree group and the sampling
time (Figure 2). The highest mean 6'°C values were found in the second half of April, at the time
of budburst and first leaf emergence, and ranged from —24.9%o to —24.2%o in H-trees and from —
26.9%o0 to —25.9%o in F-trees. In the period of leaf development, which was completed by the third
week of May, the values decreased to —28 and —27%o in H-trees and to —29 and —28%o in F-trees.
From this period onward, the values were fairly stable for both tree groups until abundant leaf
colouring at the beginning of October, when we completed sampling. In the 2017 growing
season, therefore, 5'°C values were generally lower in F-trees; on average 2.1%o lower during leaf

development and 0.8%o in the period of full leaf unfolding.

[Figure 2]

Leaf physiology

Over the course of the season, F and H trees differed in many ecophysiological parameters
measured on the leaf level (Table 1, 2). Both predawn and midday water potential revealed higher
water availability in F-trees than in H-trees with DOY 220 being an exception for ¥midday.
Differences in water balance were further reflected in the higher stomatal conductivity of F-trees.

These were not uniformly translated into transpiration rates, however. The differences between £
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of F and H trees were inconsistent. Net photosynthesis (4) was higher in H trees at the first and
last measurements (DOY 172, 236), but the opposite was found for mid-season. In July (DOY

199), the 4 of F-trees largely exceeded that of H-trees.

[Table 1]

[Table 2]

Radial stem growth

Wood and phloem formation dynamics and milestones in H-trees and F-trees are presented in
Figure 3 and Table 3. The fire in summer 2016 had an impact on radial stem growth in Q.
pubescens in 2017; especially in the period of latewood formation. Radial growth started at the
end of March in both tree groups but it stopped on average 3 weeks later in F-trees. In
combination with the higher rate of cambial cell production in F-trees, this resulted in around 60
% and 22 % wider xylem and phloem increments, respectively (Figure 3, Table 3). Thus,
earlywood and latewood were about 45 % and 75 %, respectively, wider in F-trees. In addition,
the fire affected the timing of tylose appearance in earlywood vessels of 2016 and 2017; they
were formed about 3 weeks earlier in F-trees than in H-trees; i.e., at the beginning of April and at
the beginning of August, respectively. In phloem, early phloem and late phloem were about 18 %

and 50 %, respectively, wider in F-trees.
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[Figure 3]

[Table 3]

Xylem and phloem anatomies in different tree parts

In all cases, xylem and phloem anatomies significantly differed between stem and branch; annual
increments were wider and earlywood/ early phloem conduits were bigger in the stem (Figure 4,
5, Table 4). Furthermore, the annual increment widths of xylem and phloem differed between the
two groups; in all cases, the increments were wider in F-trees. Because radial growth had finished
by the time of the fire in August 2016, the increments were not affected in that year; however, the
widths of 2017 were reduced. The relative decrease in the widths from 2016 to 2017 was more
pronounced in H-trees (about 40 %) than in F-trees (about 20 %). In terms of conduit size in the
branch and stem, earlywood vessels were smaller and their density higher in the branch (Figure 4,
Table 4). Similarly, early phloem sieve tubes were smaller in the branch than in the stem. No
distinctive post-fire effect was detected in the size of earlywood conduits in H- and F-trees. In
contrast, phloem conduit size significantly differed between H- and F-trees (Figure 5, Table 4),
with sieve tubes size being bigger in H-trees. Thus, compared to F-trees, sieve tube areas in H-

trees were about 21.4 % and 28.4 % bigger in stem and branch, respectively.

[Figure 4]

[Figure 5]
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[Table 4]

Discussion

It was shown in our research, that even though the first-order fire effects were limited to damage
of foliage, and caused no necrosis of cambium/phloem or injuries of roots, they influenced tree
carbon and water balance, which was translated into changed growth and developmental patterns
in Q. pubescens. The reduction of Q. pubescens crown leaf area contributed to i) probably
reduced reserves of carbohydrates produced in the season of disturbance; to ii) improved water
relations, iii) enhanced leaf photosynthesis (related to effect ii)) and iv) changed secondary stem
growth. Phloem and xylem were not equally affected by the fire; it caused changes in the phloem
conduit properties, while the size of earlywood vessels remained unmodified. However,
premature formation of the tyloses in the earlywood vessels of the previous and current xylem

increments in F-trees implies that xylem hydraulic integrity was also affected by heat.

Leaf development and physiology

As expected, LAI values increased with leaf development, which occurred in the period from
mid-April until mid-May. In all cases, LAI values were higher in H-trees, with an average
difference of 1.0 m*m™ at the time of full leaf unfolding. The lower LAI values of F-trees clearly
indicate a post-fire effect on leaf development. Average LAI values of fully developed crowns of
H-trees (2.0 m?>m™) are in line with our previous measurements on solitary Q. pubescens at this

study site (2.2 m?m, Lavri¢ et al. 2017).
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Reductions in total leaf area after disturbance such as fire are known to influence the
carbon and water balance of trees. Burnt trees have less foliage per unit of sapwood and may
have more foliage distributed at lower heights, both of which significantly influence water
transport to the canopy. Due to the higher root to shoot ratio and ratio of sapwood to leaf area,
leaves have better access to water. In addition, water supply could be improved due to reduced
competition from herb and shrub layer which was more affected by fire (heat induced injuries).
Increased water availability supports higher stomatal conductance and photosynthetic rates. Such
trees can avoid stomatal limitations under progressing drought longer (Fleck et al. 1998, Nolan et
al. 2014, Renninger et al. 2014, Bir et al. 2019). Our results accord well with these general
observations. Throughout the season, F-trees were characterised by higher water potential and
stomatal conductivity than unburnt H-trees. In mid-summer (DOY 199 and 220), the high gs
supported the supply of COz2 into the leaves of F-trees and, as a consequence, they achieved
higher photosynthetic rates than H-trees. On the other hand, the opposite was true in June and late
August, when the A4 of H-trees slightly exceeded the A of F-trees. Fleck et al. (1998) reported that
the fire treatment effects on leaf physiology of Q. ilex, i.e., increase of 4 and gs, were enhanced in
the period when plants were subjected to high temperature, irradiance and VPD. In their study,
re-sprouts did not show midday depressions of 4 and gs, and preserved high photochemical
efficiency, while unburnt trees coped with stomatal limitations of photosynthesis and

photoinhibition.

We found that 5'°C values in young developing leaves were less negative in both groups
compared with mature leaves, which is in line with earlier observations in Q. pubescens
(Damesin et al. 1998). Furthermore, the 6'°C values of mature leaves (H-trees: from —28 to —

27%o; F-trees: from —29 to —28%o) are in accordance with the literature data (O'Leary 1988,
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Damesin et al. 1998). In Q. pubescens, most 6'*C and biochemical changes occur during leaf
expansion, which partly illustrates the major decrease of ¢'*C during leaf growth (Damesin et al.
1998). The isotope content of a leaf gives an insight into its carbon gains and losses (Damesin
and Lelarge 2003). Damesin et al. (1998) explained 6'C values of a mature leaf of Q. pubescens
with three components: (i) 6'*C in the initial phase of leaf construction, which depends on stored
carbon; (ii) 6'*C of carbon assimilated during leaf expansion and (iii) 5'C of assimilates that are
involved in the turnover of leaf matter. Since photosynthesis of young developing leaves in
deciduous oaks does not suffice for a positive leaf carbon balance, reserves stored from the
previous growing seasons are involved in growth. Starch, which forms part of these reserves, has
higher §'3C values than soluble sugars (Brugnoli et al. 1988). During conversion from
heterotrophy to autotrophy, assimilates with lower §'C values are built into leaves (Damesin and
Lelarge 2003). In addition, changes in the relative proportion and activity of PEP carboxylase and
Rubisco in leaves are considered to contribute to the decrease in 6'°C values (Terwilliger et al.

2001).

We found that during the entire growing season, §'°C values were more negative in the
leaves of F-trees. This could be attributed to their higher dependence on recent carbohydrates
derived directly from photosynthesis. High demand is also reflected by high photosynthetic rates.
On the other hand, the growth of the unburnt, H-trees may be supported to a larger extent by
carbohydrates produced/stored in the late summer and autumn of the previous year. The burnt
trees lost part of the leaves and possibly also fine roots at the beginning of August 2016, just after
the start of the starch accumulation period (Gric¢ar et al. 2018). Due to reduced reserves of

carbohydrates, which can decrease after a fire not only in the stem but also in the coarse roots
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(Varner et al. 2009), the yearly carbon balance of the trees was affected. This also influenced the

carbon allocation patterns in the next season.

Another contribution to more negative §'>C values of F-trees is related to stomatal
functioning. Our gas exchange measurements indicated that F-trees operated with high stomatal
conductivity, which brings a high CO2 concentration in the internal space of the leaf and supports
strong discrimination against ’C. Water potential and gs reveal that H-trees more easily meet the
stomatal limitations of photosynthesis. The consequence of lower gs is weaker discrimination,

yielding less negative 6'>C values of the foliage (Pate 2001).

Radial growth in Q. pubescens after a fire event

Comparison of the xylem increments formed in 2016 and 2017 showed that the widths in the
latter year were reduced by 40 % in H-trees and 20 % in F-trees. Battipaglia et al. (2014) reported
that a decrease in radial growth of P. halepensis was noted in the year after a fire event, but the
trees later recovered, suggesting that the heat-related damage is not permanent. Reduced xylem
increments in a year after a fire may indicate a carbon saving strategy of trees in response to
various disturbances (Deslauriers et al. 2015). Saving storage reserves would enable trees to
mitigate harmful events related to any other stressors (Pérez-de-Lis et al. 2016), such as, for

example, summer drought periods, which are frequent in the study area.

However, since xylem increments were wider in F-trees in all three analysed years 2015—
2017 it is not possible to attribute the differences between H- and F-trees in radial growth
dynamics in 2017 solely to the fire event in the previous year. In fact, xylogenesis data in Q.

pubescens in 2014-2016 from the same location (Gricar et al. 2017, 2108, Lavric et al. 2017)
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showed that radial growth in H-trees stopped 19-27 days earlier than in the previous years, while
the cessation of cell production in F-trees was comparable with the previous data. Weather
conditions in 2017 would explain premature cessation of cambial cell production in H-trees.
Although 16 % more rainfall was recorded in 2017 compared to the 24-year average (1992—
2016), the period May—July was dry with about 43 % less precipitation, which most probably
negatively affected the duration of radial growth in H-trees. Gas exchange data revealed that in
July (DOY 199) due to higher water availability F-trees operated at high stomatal conductivity
achieving high photosynthetic rates, while stomatal gs and 4 decreased in H-trees. Stomatal
limitation of photosynthesis and reduced carbohydrate pools could lead to premature cessation of
xylogenesis in these trees. On the other hand, it is to presume that in this dry period of the year F-
trees can build more carbohydrates supporting radial growth of the stem, i.e. prolonging
xylogenesis. This could help to restoration of hydraulic function which had been affected by
premature, fire-induced tylose formation in the earlywood vessels of the previous and current
xylem increments (see next sub-chapter ‘Post-fire effect on earlywood conduits’ for a more

detailed explanation).

There have been no similar studies on the post-fire effect on the width of the phloem
increment in other tree species. However, a comparison of the widths with our previous studies
(Gricar et al. 2017, 2018, Lavri€ et al. 2017) revealed that the rings of H-trees were on average 18
%—38 % narrower than in 2014, 2015 and 2016. In contrast, the widths of F-trees were
comparable to the former data, confirming the above mentioned assumption on the importance of
rebuilding a translocation pathway in the phloem and therefore maintaining secondary growth

despite adverse weather conditions.
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Post-fire effect on earlywood conduits

Size of earlywood conduits was not affected by the fire of the previous summer. This could be
attributed to favourable weather conditions in spring 2017, especially in April, a crucial month
for earlywood vessel formation, because it is well supplied with precipitation. Vessel
characteristics have been reported to depend mainly on two physiologically decisive periods for
their development: autumn of the previous year and early spring of the current year (Eckstein
2004). At the end of the previous growing season, carbohydrates are formed and stored in
parenchyma cells (Atkinson and Denne 1988, Barbaroux and Bréda 2002). These reserves are
used for earlywood vessel formation the following year, which occurs in ring-porous Q.
pubescens before full leaf development (Zweifel et al. 2006). Vessel expansion and wall
formation occur in early spring; weather conditions in this period therefore mainly determine its
final size (e.g., Fonti and Garcia-Gonzélez 2004). In particular, water availability, which affects
turgor pressure in the cells, is important for cell dimensions (HoItté et al. 2010). However, Rosell
et al. (2017) recently pointed out that, globally, tree size and crown size explain vessel diameter
variation much more than climate. Taller plants can thus be found in moister areas, with wider

vessels at the stem base due to basipetal vessel widening.

Narrower conduits in the branches of Q. pubescens support a universal conduit tapering in
xylem and phloem towards the tree apex (Anfodillo et al. 2012, Olson et al. 2014, Jyske and
Holttda 2015), partly to compensate for the effect of tree height on hydraulic resistance (Petit et al.
2010). In addition to the size of the conduits in xylem, vessel density, which is inversely
proportional to vessel size, is considered to be important for whole-tree conductance (Petit et al.
2010). This pattern was also confirmed in our present and past studies in Q. pubescens (Gricar et

al. 2017); earlywood vessels decreased in size and increased in number towards the tree apex.
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475  Vessel characteristics are regulated by hormones, in particular by a decrease in auxin

476  concentration in a basipetal direction (Aloni 2015). Because of rapid differentiation in the crown
477  with high auxin concentrations, vessels are narrow and numerous, whereas low auxin

478  concentrations in the lower parts of the tree slow down the differentiation process. This allows
479  more time for vessel expansion, which results in wider and fewer vessels (Aloni and

480  Zimmermann 1983).

481 Although no differences were found in the size of earlywood vessel between H- and F-
482  trees, tyloses, which blocked vessels’ lumen, appeared about 3 weeks earlier in the earlywood
483  vessels of F-trees. In these trees, most of the earlywood vessels formed in 2016 were blocked
484  with tyloses at the beginning of April and earlywood vessels of 2017 at the beginning of August.
485  Similarly, Bigio et al. (2010) noted that fire during the growing season induced tylose formation
486  in C. sativa. Under normal conditions, wide earlywood vessels in ring-porous species become
487  blocked with tyloses by the end of the current growing season (Kitin and Funada 2016).

488  However, tylose formation can be provoked by various abiotic and biotic stressors, such as

489  flooding, freezing, mechanical wounding, crown damage or pathogen infection. Since jasmonates
490  and ethylene are the key molecular triggers of tyloses (Lesniewska et al. 2017, McElrone et al.
491  2010), it is to presume that hormonal signal, possibly deriving from scorched crown, contributes

492  to the observed response.

493 In certain part of the season premature presence of tyloses negatively affected the

494 hydraulic conductivity of F-trees. This was compensated by prolonged xylogenesis resulting in
495  wider xylem rings with a larger proportion of latewood. Since the small-diameter latewood

496  vessels may remain functional for many years, a combination of wide and narrow vessels ensures

497  efficiency and safety of the water transport (Kitin and Funada 2016). Thus, in the case of earlier
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formation of tyloses in earlywood vessels, small-diameter latewood vessels are important for
water conduction despite their much lower conducting capacity. In ring-porous pubescent oak,
more cavitation-resistant latewood vessels serve as a high-safety but low-efficiency back-up
system in the case of stressful events and may function to prevent complete transport failure

(Taneda and Sperry 2008).

Post-fire effect on phloem anatomy

In F-trees, the phloem conduits were smaller, while the phloem increment was wider. In
particular, late phloem was about 50 % wider in F-trees than in H-trees. Late phloem sieve tubes
in oak are generally narrower than those of early phloem (Gricar et al. 2015). However, late
phloem contains larger amounts of axial parenchyma, acting as a storage organ for non-structural
carbohydrates (Barbaroux and Bréda 2002, Plavcova et al. 2016). In deciduous trees that shed
their leaves seasonally, storage reserves are important for their maintenance during the leafless
season and for coping with stresses and disturbances, such as drought, fire and herbivores
(Martinez-Vilalta et al. 2016). Trees thus need to coordinate the use of the limited supply of
reserves for metabolic and structural demands (Dietze et al. 2014). Key morphological traits of
tree resistance to disturbance events are thick dead bark for inner living tissue protection and
storage reserves for its successful recovery (Catry et al. 2010). These reserves are also used for a
second growth of foliage or re-sprouting in the case of crown fire damage (Dietze et al. 2014).
This may cause a loss in carbon production, which can result in its shortage for growth, storage
and defence functions in a tree (Deslauriers et al. 2015). It can be assumed that depleted amounts
of reserves could at some point compromise tree functioning, which could even lead to tree

mortality (Michaletz et al. 2012). In line with this interpretation, the wider late phloem rich in
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axial parenchyma in F-trees is likely to compensate for reserves used for new foliage in the
previous autumn. Furthermore, in F-trees, sieve tubes were smaller although the annual phloem
increment was wider, which could be a counterbalance for their smaller size. Differences in
phloem anatomy between the two tree groups could thus be attributed to changed foliage and
possible damage to older sieve tubes in F-trees. Although sieve tube functioning is generally
limited to the current growing season, late phloem sieve tubes formed in the previous year are
important for maintaining the translocation pathway for photosynthates and other biomolecules
from leaves, i.e. carbon source, to carbon sink sites at the onset of the growing season (Prislan et
al. 2018). If functional sieve tubes are damaged, rapid restoration of long-distance transport in
phloem is crucial for tree survival. This may explain greater differences in the phloem than in the
xylem anatomy. In spite of the great importance of phloem transport for tree functioning,
previous studies have been primarily focused on possible changes in xylem structure after fire
events. However, our study clearly demonstrated that, even though phloem and xylem tissues are
ultimately linked (Pfautsch et al. 2015), changes in their transport systems due to heat damage are
not necessarily coordinated. If nothing else, outer living phloem cells are much more exposed to

heat-impairment than inner xylem tissue; consequently, the damage is more extensive.

Conclusions

The increased frequency of fire events on the Slovenian karst that has been observed in the last
two decades (Veble and Brecko Grubar 2016) is in line with future climate-change scenarios for
drought-prone environments (IPCC 2014). Fire disturbances accompanied by drought and
herbivores will substantially change the carbon-water fluxes of such ecosystems. Since fires are

one of the most important agents of landscape change worldwide (Ferreira et al. 2019), it is
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therefore of the utmost importance to understand better the functional and structural response, i.e.
ecophysiological modifications and anatomical adaptations, of trees to such disturbances (Nolan
et al. 2014). Heat injuries caused by a fire can trigger complex postfire mechanisms that affect the
physiology of trees, which are still not satisfactorily understood (Bér et al. 2019). As a result of
diminished radial growth, carbon accumulation in a tree is substantially reduced (Cuny et al.
2015). Fire associated tree mortality may change the ecosystems from carbon sink to carbon
source (Baldocchi 2008, Loehman et al. 2014). Unravelling the underlying mechanism of fire-
caused tree mortality is thus relevant for modelling carbon-water fluxes at different levels taking
into account also novel future climatic conditions (Hood et al. 2018). Proper counter-strategies

regarding the global carbon cycle will in this way be possible to develop (Bir et al. 2018).
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Table captions

Table 1. Chlorophyll content, net photosynthesis (4), stomatal conductance (gs), transpiration

(E), midday- (¥midday) and predawn water potential (Ppredawn) in the leaves of Quercus pubescens.

Measurements were taken on 21 June (DOY 172), 18 July (DOY 199), 8 August (DOY 220) and
24 August (DOY 236). Means + standard errors are shown, n = 18 for SPAD, 4, gsand E; n =9
for Yhidiay and Yyreaaw for each tree group.
DOY 172 DOY 199 DOY 220 DOY 236
Chlorophyll [SPAD]
H-trees 37.8+0.58 38.8+0.68 37.6 £ 0.44 39.3+0.35
F-trees 36.6+0.31 37.8+0.41 36.7 £ 0.44 38.2+0.23
A [pmol CO, m?s]
H-trees 3.94+0.36 2.73+£0.24 449 +£0.31 3.64+0.29
F-trees 3.02+0.21 10.02+£0.56 5.27+0.31 2.60+0.18
gs [mol Ho0 m?s7']
H-trees 0.039 + 0.003 0.036 £0.002 0.051+0.003 0.034 +0.002
F-trees 0.053 £ 0.004 0.053 £0.003 0.052+0.003 0.048 + 0.003
E [mmol H,O m?s™]
H-trees 1.35+0.10 1.36 £0.10 1.78 £0.10 1.19£0.08
F-trees 1.31 £0.08 1.47 £0.07 1.70+0.10 1.38 £ 0.08
VYnidday [MPa]
H-trees -2.55+0.05 -2.45+0.03 -1.80 £ 0.05 -3.13+0.02
F-trees -2.16 £0.03 -2.19+0.07 -2.35+0.06 -2.84 +0.04
y/predawn [MPa]
H-trees - -0.96 £ 0.01 -0.84 + 0.01 -1.65+0.01
F-trees - -0.44+0.01 -0.45+0.01 -0.95+0.02
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Table 2. Significance of effects, expressed as p-values, of main factors (tree group and day of

year-DOY) and their interaction on different leaf parameters. Linear mixed models were used to

derive the p-values. Statistically significant effects are bolded. 4, net photosynthesis; gs, stomatal

conductance; E, transpiration; ¥midday, midday water potential; Ppredawn, predawn water potential.

ANOVA (p value)

Tree group Doy

Tree group x Doy

Chlorophyll
A

gs

E

Vinidday

Tpredawn

0.234
0.007
0.064
0.770
<0.001
0.580

0.016
0.112
0.450
0.275
<0.001
<0.001

0.840
0.082
0.356
0.359
0.003
0.006
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Table 3. Main wood and phloem formation milestones in Quercus pubescens in 2017 (n = 6 for

F-trees and H-trees). Significant effects at 0.05 significance level are in bold. F-trees, fire-

damaged trees; H-trees, undamaged trees.

Day of the year + standard deviation

Variable F-trees H-trees F value (p value)
Transition from early 148.5+9.8 153.2 £8.7 0.758 (0.404)
phloem to late phloem

Transition from 147.8 £5.8 150.0+£3.3 0.636 (0.446)
earlywood to latewood

Completely formed 171.7+3.3 166.0 +5.9 4.275 (0.0655)
earlywood

End of cell production 212.0+17.0 192.0+£2.4 8.152 (0.0171)
End of xylem formation 288.0+£7.7 288.0+£7.7 0()
Appearance of tyloses in =~ 94.7 + 6.7 120.0+9.1 30.11 (0.0003)
xylem increment of 2016

Appearance of tyloses in ~~ 221.3 £ 20.8 242.3+20.8 5.075 (0.0479)

xylem increment of 2017
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Table 4. ANOVA results of the contribution of main effects (tree group, tree part and year) to the

xylem and phloem anatomical features during the 2017 growing season (n = 6 for F-trees and H-

trees). Significant effects at 0.05 significance level are bolded.

Variable

Tree group

F value (p value)

Tree part

F value (p value)

Year

F value (p value)

Xylem-ring width
Earlywood width
Latewood width

Mean initial earlywood vessel

size

Mean initial earlywood vessel

area
Mean earlywood vessel size
Mean earlywood vessel area
Vessel density

Phloem-ring width

Early phloem width

Late phloem width

Mean sieve tube size

Mean sieve tube area

46.958 (0.000)

28.062 (0.000)

162.838 (0.000)

1.445 (0.230)

4.137 (0.043)
2.842 (0.093)
3.831 (0.051)
2.598 (0.111)
4.830 (0.039)
0.079 (0.781)
27.938 (0.000)
20.062 (0.000)

25.704 (0.000)

24.610 (0.000)
36.323 (0.000)

52.436 (0.000)

64.766 (0.000)

126.210 (0.000)
52.249 (0.000)
81.119 (0.000)
29.342 (0.000)

9.514 (0.001)
9.696 (0.001)
12.630 (0.000)
43.706 (0.000)

100.954 (0.000)

5.820 (0.005)
5.396 (0.006)

18.024 (0.000)

0.282 (0.754)

0.511 (0.601)
0.808 (0.446)
1.145 (0.319)

3.430 (0.038)
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Figure 1. Mean climatic conditions for the period 1992-2017 and conditions in 2017 on the
Podgorski Kras experimental site. Mean monthly temperatures: mean (black line), minimum
(blue line) and maximum (red line), and amount of monthly precipitation (grey columns),
averaged for the period 1992-2017. Mean monthly temperatures: mean (black triangles),
minimum (blue triangles) and maximum (red triangles), and amount of monthly precipitation

(white columns) in 2017.
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Figure 2. Seasonal variation in carbon isotope composition (6'°C; bold solid lines) in leaves and

LAI (thin solid lines) in leaves of H-trees (green) and F-trees (black) of Quercus pubescens in

2017 (n = 6 for H and F-trees, pooled samples). Points represent means + standard error. BO, bud

opening; LU, full leaf unfolding.
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Figure 3. Xylem and phloem formation dynamics in H-trees (green) and F-trees (black) of
Quercus pubescens in 2017. Green triangles (H-trees, n= 6) and black dots (F-trees, n = 6)
represent individual measurements, while green dashed (H-trees) and black solid (F-trees) lines

represent fitted Gompertz functions.
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Figure 4. Xylem anatomy parameters in years 2015-2017 for fire damaged (black) and
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Figure 5. Phloem anatomy parameters in 2017 for fire damaged (grey) and undamaged trees
(green) in different parts of the tree: in stem at 1.5 above the ground, in stem at 3 m above the

ground and in branch 3 m from the apex. Sieve tubes of early phloem were measured.

42





