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Summary

Increasing frequency and intensity of droughts affect forest ecosystems.
There are already higher rates of tree mortality and forest drought-
induced dieback. Since climate change affects the soil conditions, the
precipitation rates and the growth seasons, it is expected that trees will
develop acclimation and adaptation strategies in order to maintain
vigor. Since the two most important reasons of mortality are carbon
starvation and hydraulic failure, adjustments in physiological traits are
expected to be related to the maintenance of the tree carbon and water
balances.

This thesis focused on understanding how trees respond under different
environmental conditions (e.g. wet vs dry) both at the intraspecific and
interspecific level. The conducted studies focused on biomass
allocation, xylem and phloem anatomies of stem and branches, xylem
anatomy of leaves, plant hydraulics, and wood density. Mostly, data
from personal measurements were used, but also published data to
compare the results. The aim was to understand which structural traits
are linked to the acclimation and adaptation strategies of trees and how.
The structure of the thesis is: (i) general introduction, (ii) five main
chapters based on different studies, (iii) one main chapter describing in
short three more studies, (iv) overall conclusion, (v) additional
information for each of the main chapters (if applicable), (vi)
acknowledgments, (vii) anatomical images for some chapters, (viii)
literature cited listed per chapter.






Sommario

L'aumento della frequenza e dell'intensita della siccita colpisce gli
ecosistemi forestali. Esistono gia tassi pit elevati di mortalita degli
alberi e di dieback indotto dalla siccita nelle foreste. Nelle condizioni
climatiche previste, si prevede che gli alberi svilupperanno strategie di
acclimatazione e adattamento al fine di mantenere il vigore. Poiché le
due ragioni piu importanti della mortalita sono la carenza di carbonio e
il cedimento idraulico, si prevede che gli aggiustamenti dei tratti
fisiologici siano correlati al mantenimento dei bilanci del carbonio e
dell'acqua dell'impianto.

Questa tesi si & concentrata sulla comprensione del modo in cui gli
alberi rispondono in diverse condizioni ambientali (ad esempio umido
vs secco) sia a livello intraspecifico che interspecifico. 1l lavoro svolto
riguardava l'allocazione della biomassa, I'anatomia dello xilema e del
floema dello stelo e dei rami, I'anatomia dello xilema delle foglie,
I'idraulica delle piante e la densita del legno. Principalmente, sono stati
utilizzati i dati delle proprie misurazioni, ma anche i dati pubblicati per
confrontare i risultati. Lo scopo era capire quali tratti strutturali sono
collegati alle strategie di acclimatazione e adattamento degli alberi e
come.

La struttura della tesi é: (i) introduzione generale, (ii) cinque capitoli
principali basati su diversi studi, (iii) un capitolo principale che descrive
in breve altri tre studi, (iv) conclusione generale, (v) informazioni
aggiuntive per ciascuno dei capitoli principali (se applicabile), (vi)
riconoscimenti, (vii) immagini anatomiche per alcuni capitoli, (viii)
letteratura citata elencata per capitolo.
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Chapter 1. General introduction

Background

Increasing rates of heat waves and drought events due to climate change
(IPCC, 2014) influence forest ecosystems (Reich et al., 2018). The
increased frequency and intensity of droughts resulted already in an
increasing trend of decline of vitality of current forest trees (Allen et
al., 2010; Hartmann et al., 2018). Tree physiological processes are
affected by droughts especially when they occur during the growing
season. For instance, rates of photosynthesis are lower during drought
(Reich et al., 2018) and trees have lower growth rates. However, how
trees cope with droughts and how they alter their traits to maintain
functionality, although important matters, are still unclear.
Understanding the responses of trees, not only will allow us to predict
the future status of Earth’s forests, but also to include plant traits in
climate models, which is of high importance since plants have a role in
global geochemical cycles (Anderegg et al., 2018).

As reported in the work of Mc Dowell et al. (2008), the two
physiological mechanisms leading to tree mortality are (i) carbon
starvation and (ii) hydraulic failure. Thus, it can be expected that trees
in order to survive will adjust the physiological characteristics that are
linked to their carbon and water balances.

The survival of trees depends on a functional balance between carbon
uptake and carbon cost for maintenance respiration of the living tissues
and growth. Trees uptake carbon through leaf photosynthesis in the
stomata that allow gas exchanges (Lack & Evans, 2005). Transpiration
is sustained by water flowing from roots to leaves following a gradient
of negative water potentials. In fact, the ascent of the sap is quite a
“unique” process and was described by Dixon and Joly (1985) with the
cohesion tension theory. According to this theory, water moves through
elongated dead conduits in the xylem, driven by a gradient of negative
pressures generated due to the transpiring leaves and without the
consumption of energy. Because of the adhesion and cohesion of water
molecules, the water columns remain intact. Water is under tension and
below its vapour pressure (it is in a metastable state) being subjected to
embolisation (Choat et al., 2018). Under drought, when soil water
potentials are lower, xylem sap tension reaches a threshold in which air
can be aspirated into xylem conduits (i.e. embolism formation).
Embolism can spread in the xylem conduits and block the water
transportation ultimately leading in hydraulic failure. Therefore, trees
have on the one hand to efficiently transport water to maintain
transpiration, and on the other hand to develop a safe water transport
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Chapter 1. General introduction

system to avoid the risk of mortality due to hydraulic failure. However,
a more efficient system has lower hydraulic safety (wider conduits) and
thus, there is a trade-off between hydraulic safety and efficiency.
Xylem anatomy is strongly related to the total hydraulic safety and
efficiency of the plant (Hacke & Sperry, 2001), and to plant
performance under different soil water conditions. It is commonly
found that under drier environments plants produce narrower and
hydraulically safer conduits (von Arx et al., 2012; Pfautsch et al., 2016;
Larter etal., 2017). In lieu, other studies showed that xylem cells widen
from the apex towards the stem base according to a power scaling
relationship (y = « - x°, where « is the allometric constant and b is the
exponent) that is wvery similar between different species and
environments (Anfodillo et al., 2013). According to this scaling,
conduits are narrower near the stem apex allowing for the independence
of the resistance along the total path length. Scaling relationships are
crucial and as suggested by Anfodillo et al. (2016), the death of a plant
would be related to non-reversible departures from the general scaling
between traits.

Carbon uptaken through photosynthesis is transported via the phloem
sieve elements from the sources (areas with high sugar concentration,
leaves) to the sinks (areas with lower sugar concentration) (Jensen et al.
2012) to be directly used for maintenance respiration of the living
tissues or to be stored for usage upon requirements. Phloem sap moves
following differences in turgor pressure between the sources and sinks
according to the Miinch’s circulation hypothesis (Holtté et al. 2006; De
Schepper et al. 2013). Phloem sieve elements maintain hydration by
compensating the negative water potentials in the xylem through
osmoregulation (Savage et al. 2016), and thus the two tissues are
coupled. In addition, phloem sieve elements are narrow at the treetop
and progressively widen below until the stem base similar to the xylem
(Petit and Crivellaro 2014).

Moreover, plant species are characterised by different values of
minimum leaf water potential (¥. min). Species with lower leaf water
potential are assumed to be more tolerant to drought as they can operate
under lower (more negative) soil water potentials. Plant species can be
classified into a continuum of isohydry (from isohydric to anisohydric)
based on their stomata regulation (Martinez-vilalta & Garcia-forner,
2017). Plants that are characterised by a more isohydric behaviour have
stronger stomatal control and close their leaf stomata at a defined ¥, wmin
to guarantee no water loss, while plants that have a more anisohydric
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Chapter 1. General introduction

behaviour lower their ¥ min to maintain a certain degree of leaf gas
exchanges even under reduced soil water content (Attia et al., 2015).
Isohydric species preserve their water transport system from conduit
embolisation and sustain respiratory metabolism of living tissues with
stored carbon reserves. Contrary, anisohydric species expose their
water transport system to a higher risk of embolisation to maintain leaf
transpiration and thus carbon assimilation, and do not necessarily rely
upon stored reserves to survive during drought events (Mc Dowell,
2011).

Nevertheless, plants operate at leaf water potentials close to their
thresholds of half loss of xylem conductivity due to embolism (Nardini
and Salleo 2000; Choat et al., 2012), and for this reason, it is thought
that embolism formation is a common phenomenon in everyday plant’s
life. Therefore, it is expected that plants evolved mechanisms to recover
embolised conduits. Although the exact process of embolism recovery
remains unknown (Brodersen & Mc Elrone, 2013), there are several
hypothesis provided. For instance, Zwieniecki & Holbrook (2009)
proposed the scenario of an active embolism refilling capacity,
according to which when a conduit is embolised there is a higher sugar
accumulation inside the conduit that attracts water molecules for
refilling the conduit. In this case, xylem parenchyma cells should have
an important role in this process providing the sugars and water needed.
Another example is the replacement of embolised conduits with new
xylem (Pratt et al. 2005).

Hence, characteristics of the xylem and phloem, and differences in
biomass allocation can allow us to understand how trees maintain their
carbon and water balances or why trees are losing vitality.

11



Chapter 1. General introduction

Aim and research questions

This thesis aimed to understand how trees respond to different
environmental conditions (e.g. wet vs dry sites) focusing on traits that
are possibly linked to the maintenance of the tree’s carbon and water
balances. The conducted studies focused on biomass allocation, xylem
and phloem anatomies of branches and stems, xylem anatomy of leaves,
plant hydraulics, and wood density.

According to the theoretical background described previously in this
chapter, this thesis included the following research questions:

What are the differences in biomass allocation across and within species
under different soil water availability?

What are the differences in the xylem and phloem anatomical traits
within species under different soil water availability?

Is there a link between xylem embolism vulnerability and wood
parenchyma fraction?

What is the effect of the axial gradient of xylem water potential
considering the conduit widening?

What are the differences in xylem and phloem anatomies between
declining and non-declining trees?

Structure of the thesis
In the rest of the thesis, the reader will find:
- Five main chapters aiming to provide answers to the research
guestions.
- One chapter describing in short three more studies relevant to
the research questions.
- Overall conclusion.
- Additional information for each of the main chapters (if
applicable).
- Acknowledgments.
- Anatomical images for some chapters.
- Literature cited listed per chapter.
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Chapter 2. Structural and anatomical responses of Pinus sylvestris and Tilia platyphyllos
seedlings exposed to water shortage

Abstract

Phenomena of tree decline and mortality are increasing worldwide as a
consequence of the higher temperatures accompanying drought events.
Studying changes in biomass allocation and xylem anatomy may shed
light into the relative importance that C and water impairment have
during drought, and can help to better understand how plants will
respond to future droughts.

We measured the dry weight of the leaf, aboveground and belowground
xylem biomass in tree seedlings of the drought avoidant Pinus sylvestris
and drought tolerant Tilia platyphyllos exposed to different intensities
of water shortage. Moreover, the area of vessels was measured at three
positions along the stem.

In P. sylvestris, we found no differences in total biomass across
treatments, but a preferential allocation to needle mass under drought,
while there were no differences in xylem anatomy. T. platyphyllos
under ambient and mild drought increased leaf and total xylem biomass
according to an isometric pattern, whereas the largest vessels near the
stem apex were found in seedlings under severe drought.

Our results suggest a categorisation of the two species regarding the
coordination of carbon and hydraulic economies. P. sylvestris invests
relatively more into leaf biomass to increase photosynthesis and thus
decreases the risk of carbon starvation, while T. platyphyllos invests
more into hydraulic efficiency to decrease the risks of embolisation.

Keywords: Pinus sylvestris, Tilia Platyphyllos, drought, biomass
allocation, xylem anatomy, isohydry

Introduction

The average global temperature has already increased by 0.85 “C since
1880 (IPCC 2014), and even higher temperatures are expected in the
future, implying warmer summers and winters thus longer growing
seasons (Menzel and Fabian 1998), and possibly the occurrence of more
frequent extreme drought events in various areas of the Earth due to
more erratic precipitation regimes (IPCC 2014). Within such a
perspective, species are expected to adopt acclimation and/or
adaptation strategies to withstand the new climatic conditions (Jump
and Penuelas 2005; De Micco and Aronne 2012). In recent years,
however, higher rates of tree mortality and forest dieback have been
reported at global scale after severe drought events (Allen et al. 2010).
Although we still lack a clear understanding on the ultimate mechanism
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leading to tree decline and mortality under drought (Mitchell et al.
2012), the coordination between carbon and hydraulic economies is
emerging as a fundamental requirement for plant survival (Mencuccini
2014; Mitchell et al. 2014; Petit et al. 2016; Sterck and Zweifel 2016).
Plants are distributed across a continuum from drought avoidant to
drought tolerant species, and according to their stomatal regulation
under different soil water potentials (Martinez-Vilalta and Garcia-
Forner 2017), from isohydric to anisohydric species. Relatively
isohydric species close stomata at a defined minimum leaf water
potential (¥ min) Set at relatively moderate negative pressures, while
relatively anisohydric species are able to lower their ¥, win to maintain
a certain degree of leaf gas exchange even under water deficits (Attia et
al. 2015). These different modes of stomatal control are supposedly
linked to different survival strategies under drought. Under this
scenario, relatively isohydric species would preserve the transport
system from xylem tensions potentially triggering conduit
embolisation. This implies that these species most likely rely upon
stored carbon reserves to sustain the respiratory metabolism under
drought, and may therefore die of carbon starvation after substantial
depletion of carbon resources during prolonged drought (McDowell et
al. 2008). On the contrary, relatively anisohydric species probably need
to keep water transport efficient to sustain leaf transpiration and carbon
assimilation even under drought. Thus, anisohydric species would
expose their xylem system to the risk of hydraulic failure because of
excessive cavitation events triggered by the extreme high tensions that
could develop under very intense water deficits, irrespective of their
duration (Attia et al. 2015). These species do not necessarily rely upon
stored reserves to survive during drought events (McDowell 2011).
Plants have been shown to allocate their functional/structural traits
following allometric relationships that commonly follow power scaling
functions:

Y=aX® eq. 1

where Y and X are functional/structural traits, a the allometric constant
and b the scaling exponent. According to optimality principles (West et
al. 1999), these relationships between traits would imply a substantial
convergence towards a common scaling exponent (b), reflecting the
necessary balance between structures and functions to maintain a
positive carbon balance (Anfodillo et al. 2016). On the contrary,
differences in the allometric constant (a) would reflect modifications in
the absolute proportion between traits (e.g. between leaf mass and

16



Chapter 2. Structural and anatomical responses of Pinus sylvestris and Tilia platyphyllos
seedlings exposed to water shortage

xylem mass) that may emerge in different environmental conditions
(Weiner 2004). In this scheme, Anfodillo et al. (2016) suggested that
the death of a plant would be related to non-reversible departures from
the general scaling between traits (similar scaling exponent b), with
high and low thresholds of the allometric constant (a) representing the
limits to plant functionality. A sustainable balance of carbon production
vs. consumption is reached when a given leaf mass provides at least the
necessary carbon resources to sustain the maintenance cost of the living
tissues in a given xylem mass, whereas the invested biomass to below-
and aboveground xylem must guarantee an efficient soil water
absorption and transport that meet the leaf transpiration requirements.
Water is transported under a negative pressure gradient through the
elongated dead cells of the xylem, which can be compared to capillary
tubes and therefore produce a frictional resistance to flow inversely
proportional to the fourth power of their diameter (Hagen-Poiseuille
law, Tyree & Ewer 1991). On the contrary, more adhesive forces for a
unit of water volume can develop on smaller xylem conduits that can
better cope with the metastable status of tensile water (Hacke et al.
2017). Therefore, xylem anatomy is strongly related to the total
hydraulic safety and efficiency (Hacke and Sperry 2001), and thus to
the plant performance under different soil water conditions. A common
pattern often found in xylem anatomy studies is the production of
narrower and hydraulically safer vessels in drier environments (von Arx
et al. 2012; Pfautsch et al. 2016; Larter et al. 2017), with the reduced
growth rate being the “cost” of their reduced hydraulic efficiency
(Wheeler et al. 2005). Instead, other empirical evidence demonstrates
that plant architecture is organised with conduit lumen areas widening
from the stem apex towards the base according to a scaling pattern that
is very similar between species in different environments (Anfodillo et
al. 2013). The hydraulic consequence of such a pattern is that most of
the resistance is concentrated within a short distance from the apex
(Yang and Tyree 1993; Becker et al. 2000; Petit and Anfodillo 2009),
thus making the apical anatomical features of particular importance for
the whole plant conductance (Petit et al. 2011; Prendin et al. 2018) and
also for hydraulic vulnerability (Prendin et al 2018b).

In this study, seedlings of two species (Pinus sylvestris L. and Tilia
platyphyllos Scop.) were subjected to two water shortage intensities to
test their performance under drought conditions in terms of biomass
allocation to leaf, stem and root tissues, and also to evaluate the degree
of plastic adjustment at the xylem anatomical level. As the species have
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been shown to differ in terms of hydric behaviour, with P. sylvestris to
be relatively isohydric (Irvine et al. 1998) and T. platyphyllos relatively
anisohydric (Leuzinger et al. 2005; Galiano et al. 2017), we
hypothesised that P. sylvestris will associate more needles to a given
xylem biomass by prioritising allocation to needle biomass to prevent
C reserve imbalances (e.g. C reserve depletion), while T. platyphyllos
will maintain the structural balance between leaf and xylem biomass
but will adjust its xylem anatomy to maintain an efficient water
transport under drought.

Materials and methods

Plant materials and experimental design

Our two target species were selected based on different responses to
drought conditions: P. sylvestris L. (PS) has a strong stomatal control
and minimises stomatal conductance under drought, even if this can
produce intense depletion of stored carbon reserves potentially leading
to mortality events (Aguadé et al. 2015). Instead, T. platyphyllos Scop.
(TP), a deciduous angiosperm with diffuse to semi-ring porosity, has a
less strong stomatal control of transpiration and has been found to
recover well after drought relief (Leuzinger et al. 2005).

Three-year old seedlings of the two species (N = 36), with a mean
height of 28.16 £+ 0.86 cm (mean * se) for P. sylvestris and 30.59 + 1.60
cm for T. platyphyllos, were planted in 3.5 L pots at the beginning of
May 2014 in the greenhouse of the Swiss Federal Institute for Forest,
Snow and Landscape Research WSL (47°21'37" N, 08°27' 21" E; 500
m a.s.l.). The seedlings were planted before leaf development in T.
platyphyllos. Greenhouse temperature ranged from 9 to 37 ° C and air
humidity from 22 to 74 %. Artificial illumination was applied (Master
Green Power CG T 400W Mogul 1SL/12. Phillips Lighting Holding
B.V., Eindhoven, The Netherlands) simulating the mean summer
photoperiod of Swiss latitudes (~15 h light). During the acclimation
period in the greenhouse, all seedlings were watered every second day
to field capacity. Six pots from each of the two species were allocated
to each of the three watering treatments paying attention that size
variability between treatments was similar. The treatments started on
14" July in T. platyphyllos and 28" July in P. sylvestris, when seedlings
showed vigorous conditions and leaves fully developed, and were
applied continuously for approximately two months (until 14"
September in T. Platyphyllos and 28" September in P. sylvestris), and
were:
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- Control (C): Normal watering with soil volumetric water content
(VWC) maintained at field capacity ~ 23%.

- Moderate drought (MD): Watering adjusted to maintain VWC at 15%,
which equalled the soil water potential (¥soi) ~ -0.12 MPa.

- Severe drought (SD): Watering adjusted to maintain VWC at 8%,
which equalled Psoi ~ -1.3 MPa.

Measurements

At the end of the experiment, each plant was extracted from the pot and
the root system cleaned from soil residues. The height of the plants was
measured, then plants were divided into three different organs
(leaves/needles, aboveground stem and branches including the bark,
and belowground roots), which were carefully separated and dried in an
oven at 60 °C for 72 hours. The dry mass of all leaves/needles (LM),
aboveground stem and branches (AM), and roots (RM) were obtained
using a balance (Acculab ALC-1100.2) to the nearest 0.1 g. Total leaf
area (LAror) was measured in scanned images with ROXAS v2.1 (Arx
and Dietz 2005; von Arx and Carrer 2014). Total biomass (BMror), the
ratio LM:(AM+RM), and specific leaf area (SLA) were later computed.
Stem segments were then collected at 3 different heights (stem base, 20
cm from the apex, 2 cm from the apex) from each of the 6 seedlings per
species and watering treatments (total samples = 108). Sample
preparation and anatomical analyses followed the guidelines proposed
by von Arx et al. (2016). Micro sections were created using a rotary
microtome LEICA RM 2245 (Leica Biosystems, Nussloch, Germany)
at 15 um thickness, stained with a solution of safranin and Astra Blue
(1% and 0.5% in distilled water respectively), and permanently fixed
on glasses with Eukitt (BiOptica, Milan, Italy). Overlapping images
(around 25%) of the entire cross section of each sample were taken with
a digital camera mounted on a Nikon Eclipse 80i microscope (Nikon,
Tokyo, Japan), and then stitched with PTGui (New House Internet
Services B.V., Rotterdam, The Netherlands). Stitched images were then
analysed with ROXAS v2.1 (Arx and Dietz 2005, von Arx and Carrer
2014) for the automatic measurement of the lumen area (CA) of all the
vessels in the outmost ring, and their frequency distribution in CA size
classes of 20 um? for P. sylvestris and 30 um? for T. platyphyllos.

Statistical analysis
LM, AM, RM, BMror, LAror, SLA, and LM:(AM+RM) were all normally
distributed. One-way ANOVA with Tukey post hoc comparisons were
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used to test differences across watering treatments (C, MD, SD). To test
the differences of CA size classes in the apical part of the branches (2
cm from the apex), a Kruskal-Wallis test was performed to the non-
parametric data of the six largest CA size classes. All statistical
analyses were conducted with standard methods (Zar 1999) using the
software IBM SPSS Version 21 and Minitab 18.

Results

Pinus sylvestris

The overall structure of P. sylvestris seedlings did not seem to be
changed at the end of the experiment. Mean final plant height (29.15 +
0.93 cm) was not significantly different from the initial and we did not
find significant differences in the height of the plants across treatments
(p > 0.05). Moreover, the seedlings did not show any significant
difference in BMror, LM, AM, and RM across watering treatments (Fig
1a; Table 1). However, when we compared the allocation to leaf vs.
xylem biomass, we found that the individuals exposed to severe drought
(SD) showed a preferential allocation to the needle mass, resulting in a
significantly higher ratio of LM:(AM+RM) (Fig 1c and Fig 2).

At the wood anatomy level, the distribution of tracheids in classes of
lumen areas (CA) did not change much among treatments for stem
distance from the apex (Fig 3). Mean cell lumen areas (MCA) increased
from the stem apex to the base in all watering treatments (the so called
conduit widening) (Fig 3, reference lines).

Table 1. Mean values (standard error) for each single variable across control
(C), moderate drought (MD) and severe drought (SD) treatments in P.
sylvestris (PS, upper panel) and T. platyphyllos (TP, lower panel). Letters (a,b)
show significant grouping differences.

PS IM(p) AM (g) RM (2) LAror(cm?) SLA (em*/g)

C  3.06(023)a 250(0.28)a  3.69(034)a  132.99(100)a  43.53 (10T)a
MD 271(025)a 213(0.12)a  3.03(037)a 11076 (83)a 4119 (92)a

SD 344(022)a 215(0.17) a 2.83(021)a 151.70 (95)a 44.17(63)a

P LM(g) AM (g) RM (g) LAzor(cm?) SLA (cm¥g)
C  185(0.19)a 323(033)a  8.66(2.73)a  509.32(96)a 300.95 (39) a
MD  0.95(0.09)b 225(030)a  4.11(1.29)b 27658 (26)ab  331.83 (45)a

sD 0.77(0.12) b 2.05(041)a 3.95(1.46) b 255.26 (69) b 389.93 (106) a
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Fig. 1: Total biomass (BMror) (g) for P. sylvestris (PS) (a) and T. platyphyllos
(TP) (b), and the ratio Leaf mass / Stem and Root mass (LM:(AM+RM)) for
PS (c) and TP (d) across control (C), moderate drought (MD), and severe
drought (SD) treatments. Letters above the bars show the grouping with a p-
value < 0.05 performed with Tukey post-hoc tests.
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Fig. 2: Leaf biomass (g) against combined Stem and Root biomass (g) for P.
sylvestris (PS, squares) and T. platyphyllos (TP, circles) across watering
treatments (C, MD, SD). Statistics for PS: (C) y=1.1444x%5%6 R2 = 0.3803, p
=0.26, (MD) y=0.558x"%, R2 = 0.6726, p=0.042*, (SD) y=1.2006x%%%%4, R2 =
0.6539, p=0.053. Statistics for TP: y=0.1791x%%%3, R2 = 0.7071.

Tilia platyphyllos

In T. platyphyllos seedlings, the application of water shortage
treatments affected the overall plant structure and xylem anatomy. The
mean final height (31.24 £ 1.55 cm) did not differ significantly from
the initial and across treatments (p > 0.05). Instead, the drought
treatments significantly and negatively affected the total biomass
production. Indeed, the BMror was significantly lower (by
approximately 50%) under both moderate (MD) and severe drought
(SD) treatments compared to the control (C) (Table 1; Fig 1b).
However, the ratio LM:(AM+RM) did not differ across watering
treatments (Fig 1d; b = 0.89, 95% CI = 0.7197, 0.9936). LAror tended
to be lower and SLA higher with increasing drought but only LAror was
significantly different in the severe drought (SD) relative to the control
(C) (Table 1).

At the wood anatomy level, we found some differences among watering
treatments (Fig 3). In particular, the analysis of the anatomical structure
at 2cm from the stem apex revealed that seedlings exposed to the severe
drought (SD) produced more vessels in the six widest CA classes
(Kruskal-Wallis, x2= 39.5, p < 0.001) (Fig 3). However, the mean cell
lumen area (MCA) at the different positions along the stem did not vary
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much between watering treatments, but slightly increased from the apex
downwards (Fig 3, reference lines).
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T. platyphyllos (right panels) at different distances from the stem apex (2 cm
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treatments (C, MD, SD). The reference lines show the mean CA of each
distance from the apex and widening from the apex towards the base.

Discussion

Our greenhouse experiment revealed that the seedlings of the relatively
isohydric P. sylvestris and the relatively anisohydric T. platyphyllos
responded differently to drought exposure in terms of biomass
allocation to the different organs and of wood anatomy.

In our P. sylvestris seedlings, we found little but not significant
modifications in the overall plant biomass allocation and xylem
anatomy. Because of the restricted size variation between seedlings, we
could not assess a clear scaling relationship between LM and AM+RM
explaining how LM must be adjusted to sustain the cost of maintenance
associated to the living tissues in the xylem (Anfodillo et al. 2016).
However, our results suggest that drought slightly affected the mass
balance between C-producer (LM) and C-consumer (AM+RM) tissues
(Fig 1c and Fig 2). Whatever the process mostly affected under drought
was, either the accumulation of NSC in the needles or the slower
production of fine roots (Galiano et al. 2017), our results suggest that
drought-exposed pine seedlings modified the balance between LM and
AM+RM in a way that a higher needle mass was associated to a given
mass of tissues consuming carbon. A higher NSC concentration in the
leaves (see also Galiano et al. 2017) may have provided the necessary
osmoregulation to keep stomata open also under drier conditions.
Alternatively, such a result is consistent with a recent hypothesis
(Anfodillo et al. 2016) according to which species that cannot lower
their leaf water potential (1) enough to maintain the stomata open
during reduced soil water (like P. sylvestris), must provide the carbon
required for respiration by increasing the proportion of leaf/needle mass
(see also Petit et al. 2016). Regarding the anatomical characteristics, we
did not find any substantial difference in the size of xylem conduits
along the stem across the three watering treatments. However, it is
likely that cambial phenology was almost complete at the time of the
experiment, and we cannot exclude the possibility that P. sylvestris
modifies also its xylem anatomy when drought occurs before or during
the intense cambial activity at the beginning of the season.

In T. platyphyllos seedlings, the two drought treatments negatively
affected total biomass production (Fig 1b), in agreement with other
studies referring to other species (e.g. Maseda and Fernandez 2016).
We found a nearly isometric relationship (i.e., a power scaling with
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exponent b not significantly different from b=1) between LM and
AM+RM irrespective of the watering treatment (Fig 2). This means that
drought did not affect the proportionality between leaf biomass (C-
producer) and biomass of aboveground plus belowground xylem (C-
consumer) (Fig 1d, Fig 2). Therefore, differently from P. sylvestris, the
maintenance costs of a given unit of xylem biomass in T. platyphyllos
is sustained by a given unit of leaf biomass irrespective of soil
conditions. The isometric relationship between LM and AM+RM
suggests maintenance of the functional balance between leaf
photosynthesis and xylem water transport. The fact that T. platyphyllos
maintained the same proportion between different functional tissues
(leaf and xylem biomass) also under drought conditions (Fig 1d)
suggests that this species has a rather conservative strategy in the
differential allocation between functional tissues (Reich et al. 2008,
Anfodillo et al. 2016). Under drought this implies an adjustment in ¥
and/or an increase in total xylem conductance to maintain leaf
transpiration. On the one hand, T. platyphyllos reduced ?; slightly more
under drought than P. sylvestris (Galiano et al. 2017), thus being
relatively more anisohydric. On the other hand, we found an increase in
the lumen area (CA) of apical conduits under severe drought (SD). Such
a result strongly suggests an increase in xylem conductance in response
to drought (see also Petit et al. 2016), in agreement with previous
reports revealing the fundamental importance of the xylem anatomy
close to the apex for the efficiency of the whole hydraulic transport
system (Petit et al. 2011; Prendin et al. 2018).

Taken together, T. platyphyllos has a lower leaf biomass associated to
a given xylem biomass than P. sylvestris (i.e., lower y-intercept in Fig
2). We can assume that the C-cost associated to tissue respiration is at
least similar between species, since the amount of living, and thus
respiring, xylem parenchyma is certainly not higher in P. sylvestris than
T. platyphyllos (Schweingruber 1990). Therefore, our results would
suggest that a unit of leaf mass in T. platyphyllos must provide more
carbon than P. sylvestris needles (Galiano et al. 2017), i.e. they must be
photosynthetically more efficient because the amount of assimilated
carbon per leaf biomass required for the maintenance costs of a given
xylem biomass (leaf-based maintenance costs) is higher in T.
platyphyllos as it has higher SLA values (Table 1). In agreement with
this, P. sylvestris showed relatively stronger stomatal control of water
losses by transpiration than T. platyphyllos (Galiano et al. 2017), with
P min commonly being less negative, suggesting an earlier interruption

25



Chapter 2. Structural and anatomical responses of Pinus sylvestris and Tilia platyphyllos
seedlings exposed to water shortage

of leaf gas exchange and thus photosynthesis under water deficit
conditions (Irvine et al. 1998). In addition, we can speculate that the
seedlings of T. platyphyllos acclimated to soil drought by reducing the
investment in growth because of the high leaf-based maintenance costs
(low y intercept in Fig 2). This would imply that leaf transpiration and
photosynthesis are also maintained under water shortage. Consistently,
we found a slightly higher number of vessels in the largest classes of
lumen area (CA) near the apex under severe drought (SD). Since the
xylem cell conductance scales to the second power of its area
(according to Hagen-Poiseuille: Tyree & Ewers 1991), and apical
conduits represent the hydraulic bottleneck of the entire xylem transport
system (Petit et al. 2010), such a result would suggest an attempt to
increase the overall conductive capacity of the xylem transport system
by investing the least carbon into the new xylem biomass. This result is
highly relevant, as it provides evidence that future acclimation of a
species that tolerates drought implies prioritised investment in xylem
efficiency vs. safety. This is supported by recent investigations (Petit et
al. 2016) reporting that under reduced soil water availability, Fraxinus
ornus L. trees reduce the C costs associated to growth while producing
wider vessels to maintain an efficient leaf specific conductance.
However, this finding is in contrast to the literature reporting narrower
and safer conduits in drier environments (e.g. Wheeler et al. 2005; Lens
etal. 2007; von Arx et al. 2012; Pfautsch et al. 2016; Larter etal., 2017).
In this context, it is worth highlighting that most studies simply ignored
the existence of a substantial axial variation of vessel/tracheid lumen
area from the apex downwards (Petit and Anfodillo 2011), and such a
pattern must be filtered out through a proper standardisation procedure
when assessing the effect of any environmental factor on wood
anatomical properties (Lechthaler et al. 2017 submitted).

Conclusion

Based on our results, P. sylvestris seems to respond morphologically
and T. platyphyllos anatomically to ultimately adapt their carbon and
hydraulic economies to drought conditions.

P. sylvestris has less xylem biomass associated to a unit of needle/leaf
biomass than T. platyphyllos, and therefore it has less corresponding
living tissues. The species prioritises allocation to needle vs. xylem
biomass under drought, likely to enhance the total assimilation per time
unit of stomata opening, while maintaining safe conditions against the
risk of xylem cavitation. However, such a strategy may lead in the long
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run to carbon reserve depletion and ultimately to death from carbon
starvation.

Instead, the high leaf-based maintenance costs of T. platyphyllos
impose a strategy to maintain a more continuous carbon assimilation
and consequently transpiration, also under drier conditions. Therefore,
the hydraulic efficiency (i.e., conductance) of the xylem transport
system is prioritised over safety, exposing the xylem to lower water
potential under drought, even if this could lead to wide spread cavitation
events.
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Abstract

The plant carbon balance depends on the coordination between
photosynthesis and the long-distance transport of water and sugars.
How plants modify the allocation to the different structures affecting
this coordination under different environmental conditions has been
poorly investigated. In this study, we evaluated the effect of soil water
availability on the allocation to leaf, xylem, and phloem structures in
Fraxinus ornus.

We selected small individuals of F. ornus (height, H~2 m) from sites
contrasting in soil water availability (wet vs dry). We measured how
the leaf (LM) and stem+branch biomass (SBM) are cumulated along the
stem. Moreover, we assessed the axial variation in xylem (XA) and
phloem tissue area (PA), and in lumen area of xylem vessels (CAxy) and
phloem sieve elements (CAph).

We found a higher ratio of LM:SBM in the trees growing under drier
conditions. The long-distance transport tissues of xylem and phloem
followed axial patterns with scaling exponents (b) independent of site
conditions. PA scaled isometrically with XA (b~1). While CAxy was
only marginally higher at the wet sites, CAph was significantly higher
at the drier sites.

Our results showed that under reduced soil water availability, F. ornus
trees allocate relatively more to the leaf biomass and produce more
conductive phloem likely to compensate for the drought-related
hydraulic limitations to the leaf gas exchanges and the phloem sap
viscosity.

Keywords: Fraxinus ornus, soil moisture, biomass allocation, wood
anatomy, xylem, phloem, allometry, conductance

Introduction

The survival of vascular plants under different environmental
conditions primarily depends on the maintenance of a positive carbon
(C) balance of C gain through photosynthesis minus the C
consumptions for maintenance respiration and the C allocation for
growth (i.e. new biomass) and storage of the different organs (Klein and
Hoch 2015).

Gas exchanges between the mesophyll cavities and the atmosphere
occur through open stomata; thus the assimilation of CO; through
photosynthesis pays a high cost in terms of water losses with
evapotranspiration (ET). According to the hypothesis of the continuum
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soil-plant-atmosphere, the transpiration stream is sustained by the water
flowing from roots to leaves through the xylem vasculature (Fx),
following an axial gradient of negative water potentials (i.e. in a
metastable state at sub-atmospheric pressures) (Sperry et al. 2003).
According to Darcy’s law, the xylem sapflow rate (Fx) is proportional
to the water potential difference between the transpiring leaves (i.e.
when stomata are open) and the rootlets in the soil (4 %), and to the total
xylem conductance (K) (Tyree and Ewers 1991):

Fx=4VK eqg.1

Since the conductance of the xylem (K) is a static property and cannot
be adjusted without producing new conductive elements, the functional
balance of ET=Fx can be actively regulated by the stomatal
conductance (Aston and Lawlor 1979), with the decrease in the guard
cells’ hydration reducing stomata aperture and compensating for the
excessive evapotranspiration from the leaf mesophyll (Franks et al.
1998). Alternatively, the soil-to-leaf difference in water potential can
be amplified through leaf osmoregulation.

Sugars produced with photosynthesis in the leaves (C-source) are
flowing in aqueous solution through the phloem (Fp) to the sink sites
in the different parts of the plant (Jensen et al. 2012). These sugars are
used for the maintenance respiration of all living tissues, and for the
biosynthesis of new biomass in the different organs (Maier 2001), or
are stored as non-structural carbon reserves in the parenchyma cells
(Plavcova et al. 2016). Phloem sap is flowing according to the Miinch’s
circulation hypothesis following gradients of turgor pressure between
the source (higher sugar concentrations) and sink sites (lower sugar
concentrations) (Holtté et al. 2006; De Schepper et al. 2013).

The hydraulic systems of long-distance transport of water and sugars
operate at an overall hydraulic equilibrium between xylem and phloem
(Thompson and Holbrook 2003; Holtta et al. 2009), with phloem cells
maintaining hydration by compensating the negative water potential in
the xylem through osmoregulation (Savage et al. 2016).

The functional coupling of xylem and phloem hydraulics is also
mirrored in their similar axial scaling of tissue area and conduit
diameter. Jyske and Holttd (2015) found a sub-isometric scaling
(exponent b ~ 0.9) between the areas of the outmost ring and of the
conducting phloem. In addition, both xylem conduits and phloem sieve
elements are narrow at the treetop and progressively widen below until
the stem base in a similar fashion (Petit and Crivellaro 2014; Jyske and
Holtt4 2015).
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The xylem network system has been more deeply investigated and
commonly found to be very similar across species and tree sizes
(Anfodillo et al. 2013), and stable during ontogeny (i.e. reiterated
according to the similar axial widened pattern every year of growth)
(Prendin et al. 2018b). Along the outmost ring, xylem conduits have a
narrow lumen diameter at the stem apex and widen basally along the
longitudinal axes of stem and branches until the stem base. Among all
the possible combinations of conduit size and number along the stem
axis providing a given conductance (K), the evolution of a widened
xylem architecture allowed the minimisation of the C costs associated
to the production of a safe and efficient long-distance transport system
(Mencuccini et al. 2007), with smaller conduits at the apex to be more
resistant to embolism formation under more negative water potentials
(Nardini et al. 2017) developing in proximity of the transpiring leaves.
Instead, since the resistance of a conductive pipe is inversely
proportional to the fourth power of its diameter (Hagen-Poiseuille’s
law) (Tyree and Ewers 1991), wider conduits towards the stem base add
negligible frictional forces to the total hydraulic resistance, thus making
the conductive capacities of the current year xylem and the functional
phloem nearly independent of tree height (Petit and Anfodillo 2009;
Savage et al. 2017).

Although emerging evidence is supporting that the architectural design
and the hydraulic functioning of xylem and phloem are tightly coupled,
less clear is how plants adjust these structures to maintain efficient
coordination of water and sugar transport under the limitations imposed
by environmental variability.

For what concerns the effect of drought on xylem physiology, it is well
known that lower water potentials expose plants to the risk of losing
xylem conductance by embolism formation (Brodersen and McElrone
2013). Depending on the stomatal control of leaf transpiration, plants
can either avoid excessive leaf dehydration and the development of
risky high xylem tensions or osmoregulate to maintain stomata open
and gas exchanges even if it comes at a higher risk of embolism
formation. Under drier conditions, gas exchanges are more limited by
the prolonged stomatal closure, especially in drought avoidant
(isohydric) species. Therefore trees require a relatively larger leaf
biomass/area to sustain a given cost of maintenance respiration
(Anfodillo et al. 2016; Kiorapostolou et al. 2018), which is not affected
by the stomata opening. Although a large body of literature reports that
under drier conditions trees have a safer xylem, often characterised by
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smaller xylem conduits (von Arx et al. 2012, Pfautsch et al. 2016, Larter
et al. 2017), more recent analyses that accounted for the effect of axial
conduit widening showed that carbon economy and hydraulic
efficiency, but not safety, are rather pursued under more stressful
conditions (e.g. drought, taller statures). This result suggests that the
production of average larger conduits can be coupled with a reduction
in their number to maintain xylem efficiency while further reducing its
overall C production costs (Petit et al. 2016; Kiorapostolou et al. 2018;
Prendin et al. 2018a). Moreover, it has also been hypothesised that
further C economisation can be determined by the reduction in stem
elongation, resulting in the contribution of more sapwood rings to the
total K (Petit et al. 2016; Sterck and Zweifel 2016).

Soil drought has been hypothesised to impose limitations to phloem
transport at two levels. On the one hand, unless leaves osmoregulate to
lower their water potential, a lower soil water potential reduces the
steepness of the water potential gradient along the xylem (Venturas et
al. 2017), affecting in turn the steepness of the coupled hydrostatic
pressure gradient along the phloem (HoItta et al. 2006; Holtta et al.
2009). On the other hand, phloem osmoregulation to equilibrate its
hydric status with the lower xylem water potential (Savage et al. 2016)
would increase the phloem sap viscosity (Mencuccini et al. 2015), with
negative impact on the sugar transport velocity (according to the
Hagen-Poiseuille’s law, the hydraulic resistance is proportional to the
fluid viscosity: Tyree and Ewers, 1991). In order to sustain plant
metabolism, phloem conductance has been supposed to increase in
response to drier conditions to compensate for the effect of higher
phloem sap viscosity (Sevanto 2014; Sevanto et al.).

In this study, we evaluated the effect of soil water availability on the
allocation to photosynthetic, xylem and phloem tissues in Fraxinus
ornus L. trees. We tested the hypotheses that under drier conditions
plants: (i) invest relatively more into leaf biomass to compensate for a
longer stomatal closure, and (ii) produce more conductive xylem and
phloem architectures to compensate for the more limiting axial gradient
of xylem water potential and maintain an efficient long distant transport
of water and sugars.

Materials and methods

Plant material and study sites

We selected our target species Fraxinus ornus L. (FO) based on its
ability to adapt to different environments (De Micco et al. 2008). We
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sampled five trees of similar size (2-3 m in height), in five different
sites (N = 25) within the Province of Trieste (Northeastern of Italy)
towards the end of growing season 2017 (mid-September). Trees had
an age of 18 (x 7) years, and the stem diameter at the tree base was
approximately 2-4 cm. We selected five sampling sites (Table 1) not
much differing in annual temperature and precipitation regimes, but
differing in available soil water content (AWC) according to the soil
map of the Regional Agency of Agriculture Development (ERSA FVG,
http://www.ersa.fvg.it/tematiche/suoli-e-cartederivate/cartografia-
derivata). We divided our sites into two groups (wet (W) and dry (D))
according to the species response to the site’s conditions in terms of
stomatal conductance and minimum leaf water potential (¥min)
(Gortan et al. 2009).

Biomass measurements

For each tree, we selected five to seven points evenly distributed along
the main stem axis and measured their distance from the apex (Dap).
Distal to each point, we measured the dry leaf biomass (LM, g) and the
dry biomass of stem and branches (SBM, g), with a precision balance
calibrated to the nearest 0.1g. (Acculab ALC-1100.2), after drying in
an oven for 72 hours at 60° C. On a subset of randomly selected fresh
leaves (approximately 50 leaves per tree), we also measured the leaf
area (LA) on scanned images acquired with an EPSON GT-20000
scanner (Seiko Epson Corporation) and analysed with Fiji (Fiji Is Just
ImagelJ) v 1.49 (Schindelin et al. 2012). The specific leaf area (SLA)
was then calculated as LA:LM.

Xylem and phloem anatomical measurements

For each sampling point along the stem axis, we extracted segments and
preserved them into a solution of 50% alcohol. Sample preparation and
anatomical analyses followed the guidelines described by von Arx et al.
(2016). Transverse micro-sections for each stem segment were cut
using a rotary microtome LEICA RM 2245 (Leica Biosystems,
Nussloch, Germany) at 15-18 um, stained with a solution of safranin
and Astra Blue (1% and 0.5% in distilled water respectively), and
permanently fixed on glass slides with Eukitt (BiOptica, Milan, Italy).
Images from the micro-sections spanning from pith to bark were
acquired at 100x magnification, using a D-sight slide scanner (Menarini
Group, Florence, Italy). These images were analysed with ROXAS v
3.0.139 (von Arx and Carrer 2014b; von Arx and Carrer 2014a). The

35



Chapter 3. Similarities and differences in the balances between leaf, xylem, and phloem
structures in Fraxinus ornus along an environmental gradient

analysis was performed on a wedge of known angle (o) centred at the
pith. A first manual editing of the images to outline the contour of
different sectors (i.e. the pith, each xylem ring, the conductive and the
non-conductive phloem) was carried out. For each outlined sector in the
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wedge, ROXAS automatically
measured the area (RA) and the mean
conduit area (CA). The total xylem area
(XA), and the total phloem area (PA)
were up-scaled to the whole cross-
section by multiplying the
corresponding RA measurement by
360/a. For the phloem only, we
restricted the ROXAS estimate of the
mean area to the 20 most integer
phloem sieve elements (CAph) among
the widest in the functional, non-
collapsed phloem, i.e. the youngest 1-2
phloem rings which are the most
functional for the sugar transport
(Evert 1990).

Table 1. The five research sites and their
characteristics. Symbols for each site were
used on the Figures. Drainage refers to low
soil drainage (LD) and high soil drainage
(HD). The available water content (AWC,
mm) is retrieved from the Regional
Agency of Agriculture (ERSA FVG) and
the minimum leaf water potential (¥min,
MPa) of the species in these specific sites
were taken from Gortan et al. (2009).
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Statistical analysis

We analysed the scaling relationships between the different traits (i.e.
XA, PA, CAxy, CAph, LM, SBM) and the distance from the apex (Dap),
and the relationship between XA and PA as linear regressions of Logio-
transformed data, to comply with the assumption of normality and
homoscedasticity. We tested for possible site effects on the y-intercept
and slope (i.e. interaction: b) of the different scaling relationships by
using general linear regression models. Differences between the means
at wet and dry sites were tested with Kruskal — Wallis and Tukey post
hoc tests. All statistical analyses were performed using R version 3.4.2
(R Core Team, 2017).

Results

Allocation to leaf and xylem biomass

We assessed how F. ornus trees cumulate the biomass of stem and
branches (SBM) and the leaf biomass (LM) along the stem axis moving
from the apex downwards. We observed a similar axial scaling (i.e.
similar slope, b~1.88) of SBM vs the distance from the apex (Dap)
between sites, but an overall higher SBM (higher y-intercept) in trees
growing at the drier sites (see Supplementary Figure 1; Table 2).
Instead, LM is cumulated along the stem axis from the apex downwards
differently between dry and wet sites, with the former ones showing a
lower y-intercept and a higher slope (b) (see Supplementary Figure 2;
Table 2).

The total leaf biomass per individual tree (LMind) was significantly
higher at the drier sites (Figure 1a; Kruskal — Wallis, P < 0.05). The
total leaf area (LA) calculated for a subset of leaves was not
significantly different between sites (Figure 1b; P > 0.05), and the
derived calculation of the specific leaf area (SLA) resulted to be
significantly lower at the drier sites (Figure 1c; Kruskal — Wallis, P <
0.05).

We assessed the relative allocation to leaf vs stem+branch biomass as
the ratio LM:SBM, which resulted significantly higher at the drier sites
(Figure 1d; Kruskal — Wallis, P < 0.05).

Xylem and phloem anatomies

We estimated the axial variation in the anatomical traits such as tissue
area and average conduit lumen area of xylem and phloem.

Both xylem area (XA) and phloem area (PA) increased from the stem
apex downwards to the base according to similar scaling exponents
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(b=0.88 for XA vs Dap and b=0.89 for PA vs Dap) independent of site
conditions, but with an offset of +0.5 in the y-intercept at the drier sites
for both XA and PA (Figure 2; Figure 3; Table 2). This resulted to the
tight, site independent and substantially isometric relationship between
XA vs PA (Figure 4; b = 0.96, 95% CI = 0.9090-1.0199, R*= 0.91; P <
0.0001).

At the cell level, we found that the mean lumen area of both xylem
vessels (CAxy) and phloem sieve elements (CAph) increases from the
stem apex downwards according to a scaling pattern independent of site
conditions (b=0.42 for CAxy vs Dap and b=0.17 for CAph vs Dap)
(Figure 5, Figure 6, Table 2). Moreover, we found a marginally
significant higher y-intercept in CAxy vs Dap at the wetter sites (Figure
5; Table 2) and a highly significant higher y-intercept in CAph vs Dap
under drier conditions (Figure 6; Table 2).
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Table 2. Outputs of linear regression models. The models equal
Log10(variable) ~ Log10(Dap) + site + Logl0(Dap)*site, where variable =
SBM or LM or XA or PA or CAxy or CAph, and site = W and D. Non-significant
interactions are not shown in the table. W sites were taken as a reference and
equal the yo and b.

Model information Estimates (+ SE) t-value P
SBM vs Dap Intercept (yo) -4.14(0.12) -35.70 < 0.00]%%*
R2=0.95, DF-122 Log10(Dap) (b) 1.88 (0.04) 49.00 <0.001%**
Sites W Yo

D yo +0.36(0.03) 11.11 < 0.001%**
LM vs Dap Intercept (yo) -1.41(0.14) -998 < 0.00]1***
R?=10.89, DF=122 Log10(Dap) () 0.88 (0.05) 18.33 < 0.001%**
Sites W Yo

D yo -1.11(0.22) -5.18 < 0.001%**
Interactions w b

D b +0.50(0.07) 6.83 < 0.001***
XA vs Dap Intercept (yo) - 0.84 (0.09) -9.80 < 0.00]%%*
R?=0.86, DF=128 Logl0(Dap) (b) 0.85(0.03) 27.29 < 0.001%**
Sites W Yo

D yo +0.32(0.05) 6.96 < 0.001%**
PAvs Dap Intercept (yo) - 1.49(0.08) -17.57 < 0.00]%%*
R?=0.87, DF=120 Logl0(Dap) (b) 0.86 (0.03) 27.54 < 0.001%**
Sites W Yo

D yo +0.33(0.05) 7.27 < 0.001%**
CAxy vs Dap Intercept (yo) 1.75 (0.05) 38.80 < 0.001%**
R?=0.85, DF=128 Logl0(Dap) (b) 0.44 (0.02) 27.05 <0.001%**
Sites W Yo

D yo - 0.05(0.03) -2.48 <0.02%
CAph.vs Dap Intercept (yo) 1.71 (0.05) 37.42 < 0.001%**
R?=0.54, DF=111 Logl0(Dap) (b) 0.15(0.02) 8.82 < 0.001%**
Sites W Yo

D yo +0.16(0.03) 7.02 <0.001***
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Figure 1. (a) Leaf mass (LMind, g) along the wet (W) (i.e. MR, BO, MV) and
the dry (D) (i.e. CE, SL) sites. (b) Leaf area (LA, cm?) along the W and D sites.
(c) Specific leaf area (SLA, cm? g) along the W and D sites. (d) Leaf mass
(LMind, g) to stem+branch mass (SBMind, g) along the W and D sites. Letters
above the boxes show the grouping with a P-value < 0.05 performed with
Tukey post hoc tests.
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Figure 2. Xylem area (XA, mm?)
against the distance from the stem
apex (Dap, mm) across the
different sites. Blue colour for wet
and orange for dry sites. Site
symbols are shown in Table 1.

100

10

Log10 PA (mm*"2)

1 10 100
Logl0 XA (mm*2)

Figure 4. Phloem area (PA, mm?)
against xylem area (XA, mm?)
across the different sites. Blue
colour for wet and orange for dry
sites. Site symbols are shown in
Table 1.
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Figure 3. Phloem area (PA, mm?)
against the distance from the stem
apex (Dap, mm) across the
different sites. Blue colour for wet
and orange for dry sites. Site
symbols are shown in Table 1.
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Figure 5. Mean xylem vessel area
(CAxy, um?) against distance from
the stem apex (Dap, mm) across
the different sites. Blue colour for
wet and orange for dry sites. Site
symbols are shown in Table 1.
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Figure 6. Mean phloem cell area (CAph, pm?) against distance from the stem
apex (Dap, mm) across the different sites. Blue colour for wet and orange for
dry sites. Site symbols are shown in Table 1.

Discussion

Our analyses revealed that F. ornus trees growing on sites characterised
by lower soil water availability invested relatively more into leaf vs
stem+branch biomass. At the anatomy level, trees at drier sites had
larger phloem sieve elements likely to increase the phloem conductance
to compensate for the potential limitations in the long distance sugar
transport due to the higher phloem sap viscosity. On the contrary, we
found that the xylem architecture did not significantly vary between dry
and wet sites in terms of axial scaling of both xylem area and mean
vessel diameter.

We found a relatively higher allocation to leaf vs stem-+branch biomass
in F. ornus trees growing under drier soil conditions (Figure 1d), in
agreement with a recent study reporting larger needle vs below+above
xylem biomass in Pinus sylvestris L. seedlings exposed to prolonged
water shortage (Kiorapostolou et al. 2018). A larger leaf biomass could
be interpreted as a compensation mechanism for the reduced leaf-based
daily/seasonal C assimilation. Indeed, physiological measurements on
the same species growing at the same sites revealed lower stomatal (gs)
and leaf conductance (Kleaf) under drier soil conditions (Gortan et al.
2009), likely to avoid the unbalance of higher leaf evapotranspiration
than xylem water flow rate (Aston and Lawlor 1979; Franks et al.
1998). These likely limited the leaf C assimilation and the seasonal C
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budget, supporting our hypothesis. Moreover, the minimum leaf water
potential (¥min) was lower at the drier sites (Gortan et al. 2009),
indicating that water was flowing through the xylem at higher tensions.
These results would provide empirical support to the recent hypothesis
of Anfodillo et al. (2016), predicting larger photosynthetic biomass to
provide the necessary C resources for the maintenance respiration of a
given stem+branch biomass by compensating for the negative effects
of reduced stomatal conductance or prolonged stomatal closure.
Nevertheless, the leaf lamina expansion was lower in the drier sites,
resulting in a lower specific leaf area (SLA), as commonly reported for
several species (e.g. Marron et al. 2003, Wright et al. 2001).
Consequently, the total leaf area per individual tree was not
significantly different between sites (Figure 1Db).

Our analyses on the geometry and anatomy of the long-distance
transport systems of xylem and phloem strongly support the hypothesis
that the hydraulic functioning of these tissues is tightly coupled
(Thompson and Holbrook 2003; Holtté et al. 2006). In both xylem and
phloem, the axial increase in tissue area and conduit lumen area with
the increasing distance from the apex (Dap) seemed to follow similar
axial scaling patterns. Their scaling exponents (b) were unaffected by
site conditions (Figure 2-5; Table 2), suggesting a stable axial
configuration of the long-distance transport systems of both xylem and
phloem.

Along the stem’s axial path, the xylem and phloem areas were
significantly larger at the drier sites (Figure 2; Figure 3; Table 2), and
the relationship between the two areas revealed a substantially
isometric pattern (Figure 4). Such observed parallel axial geometry of
the xylem and phloem architectures would suggest that in our trees the
relative variation in xylem and phloem conductivity along the main
stem axis (i.e. from apex to base) is of the same magnitude. This
coordinated configuration would guarantee an optimal dynamic
equilibrium between xylem and phloem flows (Holtta et al. 2006;
Holtté et al. 2009).

The mean lumen area of xylem vessels (CAxy) increased from the stem
apex downwards (Figure 5). Such a widened pattern (b=0.42) was
higher than the average value of b~0.2 reported for most empirical
observations (Anfodillo et al. 2013), but consistent with the axial
pattern found for several angiosperm trees within the first meters from
the apex (Anfodillo et al. 2006; Petit et al. 2010; Petit and Crivellaro
2014). Such a widening confines the smallest and most embolism
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resistant vessels (Cai and Tyree 2010; Nardini et al. 2017) towards the
stem apex, where the tensions are the highest because of the proximity
to the transpiring leaves. We reported not significant differences in this
axial scaling exponent (b) between sites, but a marginally significant
difference in the y-intercept, suggesting that trees under more
favourable soil conditions have slightly larger conduits (Figure 5; Table
2). Overall, results would suggest the species convergence towards a
rather precise axial geometry of the xylem path (Olson et al. 2014),
which represents the best compromise in terms of hydraulic efficiency
(i.e. it guarantees a given path length conductance (Petit and Anfodillo
2009)) and safety (i.e. high resistance against tension-induced conduit
implosion, especially at the apex where tensions are the highest (Hacke
et al. 2001)), and for the carbon economy (i.e. it minimises the C costs
associated to the production of the necessary wall material of all the
xylem cells (Mencuccini et al. 2007)). In the wetter sites the vessel
lumen area was only marginally larger, suggesting that not much carbon
resources can be invested for plastic adjustments aimed at increasing
the efficiency (in wetter conditions) or safety (in drier conditions) of
the xylem transport system (Figure 5; Table 2). Trees growing in
moister climates were often reported to be characterised by larger
xylem conduits (Pfautsch et al. 2016; Hacke et al. 2017). However,
those studies adopting a standardisation procedure to filter out the path
effect on xylem anatomy showed either negligible variations in vessel
diameter across aridity gradients (Lechthaler et al 2018) or even that
trees acclimating to more severe water stress conditions such as big
statures (Prendin et al. 2018a) or reductions in water availability (Petit
et al. 2016; Kiorapostolou et al. 2018), slightly enlarge their xylem
conduits while reducing their number, likely in the attempt of
maintaining the xylem conductance at lower C costs. We hypothesise
that the discrepancies of these results arise from the fact that trees
sampled across environmental gradients simply grew under the stable
limitations imposed by the different but stable local conditions, whereas
changing climatic conditions during the ontogenetic growth likely
impose changing allocation patterns to comply with hydraulic and
carbon requirements (Petit et al. 2016; Petit et al. 2018).

We found along the main stem’s longitudinal axis both a larger phloem
area and larger lumen areas of the sieve elements under drier conditions
(Figure 3 and Figure 6). These come in agreement with a recent study
also reporting higher phloem conductance under drought (Sevanto et al.
2018).
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Phloem conduits progressively increased in lumen area from the stem
apex to the base, in agreement with previous studies (Petit and
Crivellaro 2014; Jyske and Holttad 2015). The exponent of the power
scaling of phloem conduit area (CAph) vs. the distance from the apex
(b=0.17) was similar to those reported by Petit and Crivellaro (2014)
(Figure 6; Table 2). The lumen area of phloem sieve elements (CAph)
was significantly larger at our drier sites (Figure 6; Table 2). Since the
hydraulic resistance of a sieve element scales proportionally to the fluid
viscosity and the fourth power of its diameter (Savage et al. 2017), such
an increase in phloem conductance in drier conditions would likely
compensate for the increase in phloem sap viscosity (Sevanto 2014) due
to its likely higher osmolality due to higher sugar concentration or/and
tissue dehydration (Lintunen et al. 2016). At the same time, we can also
speculate that a higher phloem conductance would maximise the
translocation of sugars during the reduced time windows when stomata
are open, i.e. when phloem sap can efficiently flow in coordination with
water flow along the xylem compartments (Holtt4 et al. 2006; Holtté et
al. 2009).

In conclusion, we demonstrated that under reduced soil water
availability, F. ornus trees allocated relatively more biomass to leaves
rather than to the rest of the body biomass and produced larger phloem
and larger sieve elements. More leaves are needed to compensate for
the negative effects of lower stomatal conductance and/or prolonged
stomatal closure on the seasonal carbon balance, while the likely larger
phloem conductance guarantees an efficient delivery of sugars for the
maintenance of the metabolic activities of the living cells in the
different tissue.
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Abstract

Understanding which structural and functional traits are linked to
species vulnerability to embolism formation (P50) may provide
fundamental knowledge on plant strategies to maintain an efficient
water transport.

We measured P50, wood density (WD), mean conduit area (MCA),
conduit density (CD), percentage areas occupied by vessels (VA),
parenchyma cells (PAror), and fibres (FA) on branches of angiosperm
and gymnosperm species. Moreover, we compiled a dataset of
published hydraulic and anatomical data to be compared with our
results.

Species more vulnerable to embolism had lower WD. In angiosperms,
the variability in WD was better explained by PAror and FA, which were
highly correlated. Angiosperms with a higher P50 (less negative) had a
higher amount of PAror and total amount of non-structural
carbohydrates (NSC). Instead, in gymnosperms, P50 vs PAror was not
significant.

The correlation between PAror and P50 might have a biological
meaning, and also suggests that the causality of the commonly observed
relationship of WD vs P50 is indirect and dependent on the parenchyma
fraction. Our study suggests that angiosperms have a potential active
embolism reversal capacity in which parenchyma has an important role,
while in gymnosperms this might not be the case.

Keywords: embolism, xylem anatomy, parenchyma, wood density,
hydraulic failure, refilling

Introduction

In plants, water is transported over long distance through elongated dead
xylem conduits while under negative pressure, and is hence maintained
in the liquid phase while below its vapour pressure (Tyree 1997). This
mechanism exposes plants to the risk of embolism formation at critical
xylem tension, when gas bubbles from surrounding compartments are
aspirated into the water-filled xylem conduits and expand occupying the
whole conduit volume (Nardini et al. 2011, Vilagrosa et al. 2012).
Embolism can spread between adjacent conduits, thus decreasing the
xylem hydraulic conductance (K) (Jacobsen et al. 2005, Domec et al.
2006), with negative effects on sap flow rate and thus plant performance
(growth, reproduction, and survival). In fact, carbon assimilation with
photosynthesis ultimately depends on the functional balance between
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the water absorbed from the soil and transported across the xylem to the
leaves (sap flow rate, F), and the water lost via leaf transpiration (T) (i.e.
F=T). F depends on the difference of water potential between the leaves
and the soil and on the xylem hydraulic conductance (i.e. F=4%*K).
Therefore, any decrease in K due to embolism can alter this balance,
potentially leading to turgor loss and stomatal closure due to progressive
leaf dehydration.

Plants frequently operate at leaf water potentials close to critical
thresholds of conductivity loss by embolism formation (Nardini and
Salleo 2000, Choat et al. 2012), suggesting that this latter phenomenon
is not a rare occurrence in every day plant’s life. Hence, plants have
evolved strategies to avoid emboli spread, or to tolerate embolism until
the production of new xylem conduits (Pratt et al. 2005), or they have
developed mechanisms to recover the hydraulic functionality after
embolism formation (Salleo et al. 2004). Species vulnerability to xylem
embolism can be quantified by means of ‘vulnerability curves’ and
derived values of xylem pressure causing 50% loss of hydraulic
conductance of xylem (P50). In earlier studies, P50 was linked to
several physiological/anatomical traits in an effort to understand which
factors are linked to vulnerability to embolism formation. Among the
several structural-functional relationships emerging from these studies
focused on different species’ assemblages, the one reported most
commonly is the negative relationship between wood density (WD) and
P50 (Hacke et al. 2001, Lachenbruch and McCulloh 2014, Rosnher
2017), with denser wood being more resistant to embolism formation.
Nevertheless, the mechanistic basis for this relationship, and the
identification of which wood traits are mostly driving it, are still
uncertain. Higher resistance to embolism has been also commonly
found in species with narrower conduits, often characterised by smaller
pit areas (Becker et al. 2003, Lazzarin et al. 2016), which would make
conduits safer against air seeding (Hacke et al. 2006, Martinez-Cabrera
et al. 2009). In addition, according to the rules of xylem spatial
distribution (xylem packing) the conduit area (CA) is inversely related
to the conduit density (CD: number of conduits per unit xylem area)
(Martinez-Vilalta et al. 2012), so that narrower and denser conduits are
commonly reported to be more resistant to embolism formation (Hacke
etal. 2017).

According to Johnson et al. (2012) plants operate at different distances
from their hydraulic safety margins, resulting in the formation of
different degrees of embolism. Hydraulic safety margin is defined as the
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difference between the leaf water potential at stomata closure (i.e. the
daily/seasonal minimum xylem pressure, Pmin) and P50.
Gymnosperms were found to have larger safety margins than
angiosperms (Choat et al. 2012), suggesting that tight stomatal control
in this group of species may help to safeguard the xylem from embolism
formation better than angiosperms. The low safety margins of
angiosperms would suggest that most of them regularly experience a
certain degree of xylem embolism, exposing their hydraulic system to a
risk of high loss of hydraulic conductance (Choat et al. 2012), with
negative consequences on transpiration and carbon assimilation. While
non-lethal loss of xylem hydraulic conductance can be recovered by the
production of new xylem potentially characterised by adaptive changes
in hydraulic properties (Petit et al. 2016, Secchi et al. 2017), it is
conceivable that the ability to repair embolism and recover full gas
exchange rates might confer an adaptive advantage to some woody
species, especially angiosperms (Klein et al. 2018).

Some species have been reported to refill embolized conduits with water
upon drought relief (Nardini et al. 2017). However, the occurrence of
this phenomenon has been questioned by some studies due to
methodological uncertainties (Cochard and Delzon 2013, Klein et al.
2018), while other studies showed the inability of species to recover
embolised conduits (Choat et al. 2018; Johnson et al. 2018; Creek et al.
2018) and, thus, the phenomenon remains at present controversial.
Xylem embolism reversal has been reported in both angiosperms and
gymnosperms (Brodersen and McElrone 2013, Mayr et al. 2014),
although gymnosperms have been found to have a long recovery
process (Secchi et al. 2017). Short-term embolism reversal has been
hypothesised to depend on active metabolic processes that requires a
source of energy and a source of water. According to the current
paradigm, soluble carbohydrates released in xylem conduits by
surrounding living cells would accumulate and reclaim water from
surrounding tissues via an osmotic mechanism (Salleo et al. 2004,
Zwieniecki and Holbrook 2009). Therefore, wood parenchyma cells are
expected to play a fundamental role in the process of embolism reversal
(Brodersen and McElrone 2013, Trifilo et al. 2019), as main sources of
non-structural carbohydrates (NSC) (Plavcova et al. 2016) and stored
water to be diverted inside the refilling conduits (Rosner et al. 2018). In
this context, starch degradation is hypothesised to provide sugars
(Tomasella et al. 2017). In parallel, parenchyma cells may be necessary
to sustain physiological processes while the recovery mechanism is
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active (Secchi et al. 2017). In this scheme, it can be expected that the
plant’s capacity to recover the water transport system from emboli
formed in the conduits correlates with the volume of parenchyma cells
in the xylem (Secchi et al. 2017). Hence, a higher abundance of
parenchyma cells in the xylem (i.e. a higher amount of stored starch and
water) is hypothesised to be required in species more vulnerable to
embolism formation with low safety margins, in which the refilling
mechanism would be of higher importance for their survival, especially
under prolonged drought (Ogasa et al. 2013, Trifilo et al. 2015).

In this study, we performed anatomical analyses and measured the P50
and wood density (WD) of branches in different angiosperm and
gymnosperm species, examining correlations between key structural
and functional traits related to embolism vulnerability. We also gathered
available data from previous studies to perform a global analysis and
compare our experimental results. We aimed to understand which of the
wood characteristics explain better the variability of P50. We addressed
the following hypotheses: (i) there are differences in the traits related to
embolism vulnerability between angiosperms and gymnosperms; (ii)
the wood composition (i.e. the percentages of wood tissues) and the
xylem anatomical traits correlate to species’ embolism vulnerability;
(iii) there is a relationship between embolism vulnerability and the
fraction of the living tissues, at least in angiosperms.

Material and methods

We performed measurements on branch segments of angiosperm
(N=75) and gymnosperm species (N=14) (Table 1) growing at the
Botanical garden of the University of Padova (45.3996° N, 11.8805° E),
in the Karst region (Trieste) (45.6495° N, 13.7768° E) and in Messina
(Sicily) (38.1938° N, 15.5540° E), in Italy. We measured the wood
density (WD), the percentage areas occupied by: parenchyma cells,
fibres, conduits, and measured the conduit anatomical characteristics
(see below). For some of the species we measured the P50 value, while
for others the same parameter was derived from previously published
studies (see below). We also compiled a global dataset summarizing
P50, amount of total non-structural carbohydrates (NSC, including
starch) stored in the wood, WD, and xylem parenchyma amount
(PAror), as reported from previous published studies focused on very
diverse species’ assemblages.
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Parenchyma amount and wood anatomy

One to three branch segments from different individuals were sampled.
We used the replicates to ensure that there is a low intraspecific
variability between individuals growing under similar environmental
conditions. For each segment, we cut transverse and tangential micro-
sections at 25 um with a rotary microtome LEICA RM 2245 (Leica
Biosystems, Nussloch, Germany), stained them with a solution of
safranin and Astra Blue (1% and 0.5% in distilled water respectively),
and permanently fixed on glass slides with Eukitt (BiOptica, Milano,
Italy). Images from the transverse micro-sections were acquired at 100x
and for the tangential at 40x magnification, using a D-sight slide scanner
(Menarini Group, Florence, Italy).
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Table 1. The 15 angiosperm species for which we performed hydraulic
experiments, their maximum vessel length (VLmax) (cm), their water potential
of 50% loss of hydraulic conductivity (P50) (MPa), and the number of
segments used for the estimation of P50 (n). SE shown in brackets next to the
mean values. VLmax for Fraxinus ornus is non-applicable due to data loss.

Spp VLmax (cm) (SE) P30 (MPa) (SE) n

Acer monspessulanum L. 13.7(0.9) -4.99 (0.38) 4
Carpinus orientalis Mill. 5(1.7) -3.81(0.53) 4
Corylus avellana L. 19.6 (3.5) -2.86 (0.20) 3
Ficus carica L. 25(15) - 1.74 (0.36) 3
Fraxinus ornus L. na -3.48(0.37) 3
Hedera helix L. 4.8(0.2) -2.84 (0.81) 2
Morus alba L. 77.2(13.5) -0.9(0.05) 2
Ostrya carpinifolia Scop. 5(1.7) -4.31(0.27) 5
Pistacia terebinthus L. 63.8(8.9) -2.71(0.38) 4
Prunus mahaleb L. 25.5(3.5) - 5.54(0.37) 4
Quercus ilex L. 57.0(7) -3.56(0.85) 4
Quercus pubescens Willd. 67.7(2.8) -2.37(0.80) 3
Robinia pseudoacacia L. 79.8 (14.3) -2.59(0.24) 3
Tilia cordata Mill. 154 (4.4) - 1.64 (0.10) 3
Whisteria sinensis (Sims) Sweet 84.6(5.9) - 1.19 (1.17) 3
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The images of transverse and tangential sections were analysed with
ImageJ 2.0.0 (Schneider et al. 2012) for the estimation of the
percentages of the areas occupied by parenchyma cells. For each image,
we selected an area of approximately 1 mm? (Aimace) With intact tissues
(i.e. not affected by artificial cracks caused by cutting), and manually
outlined the areas occupied by parenchyma cells. For the transverse
sections, we outlined and measured only the total area of axial
parenchyma cells (PAa), including both apotracheal and paratracheal
cells, whereas in the tangential sections, the total area of radial
parenchyma cells (PAgr) was measured. Both PAa and PAg were then
converted into percentage amounts (%PAa and %PAr respectively) by
dIVIdlng with AIMAGE.

Since the axial and radial parenchyma cells orientate perpendicularly to
our transverse and tangential sections respectively, the percentage area
occupied by parenchyma cells was estimated as:

PAror = (%PAA + %PAR)*(%XA/100) + %Apith eq. 1

where %Apith is the percentage of pith area and %XA is the percentage
of xylem area estimated by ROXAS (see below) on the complete
transverse section.

Images from the transverse sections were further used for the automatic
anatomical measurements in ROXAS v3.0.139 (von Arx and Dietz
2005, von Arx and Carrer 2014). The analysis was performed on a
wedge of known angle (a) centred at the pith for each image. A first
manual editing of the images to outline the contour of the pith and of
each ring was carried out. For each outlined sector in the wedge (i.e.
pith or rings), ROXAS automatically measured the area (RA), the
conduit number (CNo), the mean conduit area (MCA), and the conduit
hydraulic diameter (Dh). Then, traits’ data (Y) of pith area (Apith), total
xylem area (XA), and total conduit number (CNo) were up-scaled to the
whole cross-section as Y=Y '"/ax360. Conduit density (CD) was
calculated from the up-scaled total conduit number and total xylem area.
The percentage of pith area was calculated as %Apith=
(Apith/(Apith+XA))*100 and of xylem area as %XA= 100-%Apith. We,
furthermore, estimated the total area occupied by vessels as a percentage
over the total xylem area (VA= CNo * MCA*100/XA), and the
percentage area occupied by fibres as the total area (100 %) minus the
percentage area occupied by parenchyma cells, the percentage area
occupied by vessels and the pith area (FA = 100 - PAror — VA - %Apith).
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Wood density

The WD of one to three branch segments (~ 2-8 mm in diameter) - the
same that were used in the anatomical analysis - of 51 angiosperms and
13 gymnosperms was measured using the water displacement method
according to the Archimedes’ principle. The branch segments were
boiled in a container filled with water until they sank upon rehydration,
and then debarked. Another container was filled with water, placed on
a digital balance calibrated to the nearest 0.01 g (Acculab ALC-1100.2)
and re-zeroed. Each segment was connected from the pith to a needle
attached to a thread and carefully immersed in water. The weight of
water displaced was equal to the segment wet volume of xylem+pith
and 1g of displacement was equivalent to 1 cm?®. After measuring their
volume, the segments were put in the oven at 60° C for 72 h. The dry
weight was measured with the same digital balance (Acculab ALC-
1100.2) immediately when the samples were taken out of the oven and
cooled. WD was then calculated as dry weight (g) / volume (cm?).

Measurements of P50

Hydraulic measurements were performed on 15 species of angiosperms
(Table 1) during summer 2018 (June-August). Before the estimation of
P50, we assessed the maximum vessel length (VLmax) for each species
(Table 1) to avoid experimental artefacts (Ennajeh et al. 2011). For each
species, we cut at least three branches (1 — 2 m long) originating from
different individuals. Both the basal and apical parts (about 15¢cm from
the apex) of the branch were then trimmed 3 times underwater with a
razor blade, and connected from the apical part to a tubing system. Air
was perfused from the apical end of the branch at a pressure of 10 kPa
while the basal end was immersed in a water tank and observed with a
magnifying lens for the presence of air bubbles. The basal end of the
branch was cut progressively by 1 cm until air bubbles were observed.
VLnax for each branch was equal to the length of the branch when at least
two evident streams of air bubbles were observed indicating that at least
two vessels were open at both ends. The species VLmax Was estimated as
the average value of VLmax Of the three replicates.

For the estimation of P50, vulnerability curves were determined with
the air-injection method (Ennajeh et al. 2011). At least three branches 1
to 2 m long depending on the species VLmax, Were collected early in the
morning from at least three individuals per species. Three branches per
species were used when the variability in P50 was low (except from
Hedera helix and Morus alba for which only two branches were used),

56



Chapter 4. Vulnerability to xylem embolism correlates to wood parenchyma fraction in
Angiosperms but not in Gymnosperms

while for higher variability the number of replicates was increased
(same as in Savi et al. 2018). The branches were immediately placed
with the distal end in a bucket filled with water, and covered with a
plastic bag for at least 2h before the measurements to relax the tension
and avoid the artefact of inducing embolism (Wheeler et al. 2013).
Before the measurement, each branch was recut underwater (final
length > VLmax), debarked at both ends for 2 cm and connected to a
hydraulic apparatus (XyI’EM xylem embolism meter, Bronkhorst,
Montigny-Les-Cormeilles, France). All the leaves were removed
cutting the stalk underwater. Branches were flushed with a filtered poly-
ionic solution enriched with a 10-mmolL KCI solution at a pressure of
0.18 MPa for 30 minutes. Then the branch was submerged in water, and
the bark was removed from a central portion that was later connected to
a double-ended pressure chamber (Ennajeh et al. 2011). The cut ends
were slightly trimmed again, and the basal area of the segment was
connected to a 1 m long tube, which was wide enough to allow the
escape of air bubbles. Maximum conductance (Kmax) was then measured
at low pressure (4.8 kPa). After measuring the Knax, increasing pressures
at steps of 0.2-1 MPa were applied to the branches and the branch
conductance at each step (Kp) was measured. The percentage loss of
conductance at each pressure was calculated as:

PLC = 100*(Kmax-Kp)/Kmax eq. 2
The measurements were repeated for each branch until reaching a PLC
of at least 70-80%. Vulnerability curves, consisting of 7-12 points each,
were assessed using the packages Remdr version 2.4-4 (Fox 2005, Fox
2017, Fox and Bouchet-Valat 2018) and fitplc version 1.1-7 (Duursma
and Choat 2017) in R Studio version 1.1.423 (RStudio team 2015) and
the water potential at which the PLC equals 50% (P50) was estimated
accordingly. Only sigmoidal shaped curves were taken into
consideration (example shown in Supplementary Figure 1). For few
branches the curves resulted to be non-sigmoidal (r-shaped), then these
curves were discarded and another replicate was repeated for the
species. This was done not only to have a uniform analysis as most
curves were sigmoidal, but also and most importantly because non-
sigmoidal (r-shaped) curves are possibly the result from open vessels’
artefact and lead to an overestimation of P50 (Cochard et al. 2013;
Wang et al. 2014; Savi et al. 2018). Some studies suggested that non-
sigmoidal curves may accurately describe species vulnerability to
embolism formation (Jacobsen and Pratt 2012, Sperry et al. 2012,
Hacke et al. 2015), but methods different from the air-injection were
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used by them to evaluate the P50. Sigmoidal and non-sigmoidal curves
were recognised by eye based on Figure 1 of Cochard et al. (2013).
Values of P50 for all the other species were obtained from Choat et al.
(2012).

Global dataset

We compiled a global dataset (Supplementary Table 1) including
species-specific data of branches (and when not available we used stem
data) for 107 species (68 angiosperms and 39 gymnosperms). In this
dataset, we included PAror data collected from Morris et al. (2016), P50
collected from Choat et al. (2012), WD data that were taken from the
Global Wood Density Database (Chave et al. 2009, Zanne et al. 2009),
and the total NSC content (sugars and starch) that were obtained from
several published studies (listed in Supplementary Table 1).

Statistical analysis

We assessed the relationship between P50 and WD in angiosperms and
gymnosperms. We then tested the relationships P50 vs MCA and P50
vs CD. Moreover, we tried to understand if FA, VA, and PAror explain
the variation in the distribution of WD and of P50 in angiosperms. We
assessed these relationships with linear regressions and tested the
normality and homoscedasticity of the residuals. In case of non-
parametric data, we applied a logl0 transformation. We used the
absolute values of P50 for its log10 transformation. For angiosperms,
we tested for differences in the slopes (b) and the y-intercepts between
our measurements and the compiled global dataset in the relationships
P50 vs PAror and P50 vs WD, and we assessed the relationship of P50
vs NSC in the compiled dataset. We applied the Bonferroni adjustment
in these models, and quantile plots to test for statistically significant
outliers (i.e. outside the 95% confidence envelope) (Supplementary
Figures 2, 3, and 4). In gymnosperms the total sample number was too
low to allow for valid results. All the statistical analyses were performed
in R version 3.4.2 (R Core Team 2017).

Results

P50 and wood density

We found a significant negative relationship between P50 and WD, with

species being less vulnerable to embolism formation (i.e. lower P50)

producing denser wood (Figure 1a). The relationship was significant for

both angiosperm (R?=0.17, P < 0.001) and gymnosperm species (R?=
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0.18, P < 0.01). The comparison between the different sources of data
(global dataset vs. our own measurements) revealed that the relationship
is significant in angiosperms in both datasets, although we observed a
marginally significant offset in the y-intercept (Supplementary Figure
5a; Supplementary Table 2). In gymnosperms, the relationship was not
significant when testing the two datasets separately (Supplementary
Table 2).

P50 and xylem anatomy

We assessed the effects of mean conduit area (MCA) and conduit
density (CD) on the vulnerability to embolism formation (P50). In
angiosperms, we found a significant positive relationship between P50
and MCA (Figure 1b, R?=0.27, P <0.001), suggesting that angiosperms
with wider vessels are more vulnerable to embolism formation. In
addition, we also found a negative relationship between P50 and CD
(Figure 1c; R?=0.19, P < 0.001), indicating that species with denser
vessels are less vulnerable to embolism formation. However, MCA was
negatively related to CD according to a highly significant power scaling
with b~-1 (Supplementary Figure 6¢; R?= 0.72, P < 0.001). In contrast,
in gymnosperms, we did not find any significant relationship. However,
the sample size was likely low to obtain robust results (N=14).

We furthermore explored correlations between other wood structural
properties (i.e. percentage areas occupied by: vessels, VA; parenchyma
cells, PAror; fibres, FA) and P50.

We found that PAror was significantly related with P50 in angiosperms
(Figure 2a; R?=0.16, P < 0.001), with more vulnerable species having
larger amounts of parenchyma. The assessed relationship comprised
data from literature and our own measurements, as we found no
significant difference in the parameters of the fitting equation between
the different groups of source data (Supplementary Figure 5b;
Supplementary Table 2). However, this relationship was not significant
in gymnosperms (P > 0.05) (Fig. 2a; Supplementary Table 2).

For the angiosperms only, the percentage area occupied by vessels (VA)
did not vary much across species (13.27 £ 5.85, N = 74) (mean, £ SD)
(Figure 3a triangles) whereas PAror and FA showed a highly significant
negative relationship (R? = 0.80, P < 0.001; Figure 3a circles).
Accordingly, we also found a highly significant negative relationship
between P50 and FA (Figure 3b; R?=0.22, P < 0.001), whereas VA was
not related to P50 (P > 0.05).
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WD and % of wood tissues

We analysed the variation in wood structure as a function of WD for the
different angiosperm species. We found that FA significantly increased
(Figure 4 triangles; R? = 0.33, P < 0.001) and PAror significantly
decreased with increasing WD (Figure 4 circles; R?=0.25, P < 0.001).
However, VA was not significantly related to WD (P > 0.05).

P50 and non-structural carbohydrates

We assessed the relationship between P50 and total amount of non-
structural carbohydrates (NSC) in the stem using data available from
literature, and found a significant positive relationship (Figure 2b; R?=
0.09, P < 0.05) that suggests that species more vulnerable to embolism
formation have on average a higher amount of NSC stored in wood
compartments.
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cells (PAror) (light cyan solid circles)
against the wood density (WD).

Discussion

Our results show that xylem vulnerability to embolism formation is
significantly related to different wood structural traits, although they
singularly explain a minor proportion of the total P50 variability, and
often are mutually correlated.

We found clear differences between the wood composition in
angiosperm vs. gymnosperm species. Species in the first functional
group present a xylem composed of a rather constant amount of
conductive vascular elements, i.e. 10-20% of the total volume. The
remaining 80% of xylem volume can largely vary in the relative amount
of parenchyma cells and fibre elements, according to a tight negative
relationship (Figure 3a), which was found to be the main driver for the
variation in wood density (WD) (Figure 4). Instead, gymnosperms had
a relatively fixed and low amount of parenchyma cells (PAror ~ 5-10 %
of the total volume). This would suggest that the variation in WD in
conifer wood substantially depends on the frequency distribution of
tracheid diameters and their cell wall thickness (CWT). Although the
number of gymnosperm species was low to support any significant

relationship between WD and conduit density (CD) or CWT, other more
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detailed analyses are clearly in agreement with this hypothesis (Rosner
2017).

In general, species with higher wood density (WD) were less vulnerable
to embolism (more negative P50) (Figure 1a), consistent with earlier
studies (e.g. Hacke and Sperry 2001, Jacobsen et al. 2005, Lens et al.
2013, Rosner 2017). However, our anatomical analyses would suggest
that the relationship between P50 and WD is functionally different
between angiosperms and gymnosperms, where in the former it was
driven by the variation in the amount of parenchyma vs. fibres, whereas
in the latter P50 would seem to be more likely related to the scaling of
tracheid number vs. diameter. Tracheid diameter was found to scale
isometrically with pit aperture (Becker et al. 2003, Lazzarin et al. 2016),
an ultrastructural feature of the cell wall supposedly proportional to the
susceptibility of torus displacement under tension, and thus to the
vulnerability to air seeding (Martinez-Cabrera et al. 2009). Moreover,
larger conduits with thinner cell walls are less resistant against tension-
induced implosion (Hacke et al. 2001). Therefore, conifer species with
lower wood density usually have larger tracheids and are more
vulnerable to embolism formation (less negative P50) (Hacke and
Sperry 2001, Larter et al. 2017). Also for angiosperm vessels a
relationship between diameter and P50 has been often found at both
interspecific (Hacke et al. 2006) and intraspecific level (Nardini et al.
2017), but also among different sized vessels within the xylem
(Jacobsen et al. 2019), consistent with our results and potentially
underlining a relationship between pit traits and vessel size, as for
gymnosperms. Indeed, previous studies reported that narrower vessels
with smaller pit areas are less vulnerable to air seeding (Sperry and
Tyree 1988, Tyree and Sperry 1989, Cochard and Tyree 1990, Hacke et
al. 2006, Martinez-Cabrera et al. 2009, Christman et al. 2012). In
addition, denser (and therefore smaller) cells (Sperry et al. 2008) (cf.
Supplementary Figure 6c) are thought to be hydraulically safer against
losses of xylem conductance, because water can more easily bypass
embolized conduits (Venturas et al. 2017). Accordingly, angiosperm
species with narrower and denser vessels were also those with a lower
(i.e. more negative) P50 (Figures 1b and 1c).

We found that gymnosperm species were not varying much in their
amount of parenchyma tissue (i.e. PAror ~ 5-10 % of a given volume of
wood). On the contrary, a significant proportion of the higher %PAror
variability in stem and branches of angiosperms was explained by the
species’ vulnerability to embolism formation (P50) (Figure 2a),
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meaning that more vulnerable angiosperms have a higher amount of
parenchyma in the wood. This tissue not only provides a storage
compartment for sugars and water to be used upon requirements (Spicer
2014, Scholz et al. 2011, Jupa et al. 2016), but also represents a cost for
the plant carbon balance due to its metabolic activity as it is a living
tissue. Hence, since vulnerable angiosperm species would frequently
operate at conditions favouring embolism formation (Choat et al. 2012),
it is intriguing that these species, potentially limited in gas exchange due
to periodical reductions in xylem conductance, have developed a large
and carbon expensive wood parenchyma.
It is worth mentioning here that in the study of Pratt et al. (2007), roots
of angiosperms had more parenchyma and fewer fibres than stems, but
even with a higher amount of parenchyma they were more vulnerable
to embolism formation. This fact might be explained by the axial
increase of vessels’ size and connectivity (Lechthaler et al. 2018), with
wider vessels in the roots being more vulnerable to embolism, since
embolism vulnerability is related to conduit size (e.g. Brodersen and
McElrone 2013). At the same instant, roots are in less need of
mechanical stability (i.e. fewer fibres) and this might be the reason that
plants invested in the production of more parenchyma cells, and thus a
higher storage of sugars, in roots.
A first possible explanation for our result is that large Non-Structural
Carbohydrate (NSC) reserves stored in the abundant parenchyma during
favourable periods help these species to avoid carbon starvation due to
stomatal closure during periods of prolonged water shortage. Also, the
relationship between PAror and P50 would be consistent with the
hypothesis that parenchyma has a fundamental role in xylem embolism
reversal by actively translocating into the embolized conduits the
necessary amount of sugars needed to osmotically attract water
molecules from the surrounding compartments (Zwieniecki and
Holbrook 2009). In this view, abundant parenchyma cells would
provide the necessary sugars and energy to trigger the whole refilling
process (Secchi and Zwieniecki 2011, Trifilo et al. 2019) in species
frequently exposed to conditions favouring embolism formation.
Since PAror was tightly related to the amount of fibres in the wood
(Figure 3a), FA and wood density (WD) were also related to P50. While
FA and WD do not really provide a functional explanation for the
variation in P50 (Lachenbruch and McCulloh 2014), these results would
strongly suggest that these parameters are indirectly related to P50, as
more vulnerable species would require a higher amount of parenchyma
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for carbon storage and/or for efficient embolism reversal. Consistent
with this hypothesis, we found that angiosperms more vulnerable to
embolism not only had a higher percentage of parenchyma cells in the
wood, but also a higher storage of NSC (Figure 2b). These results agree
with a recent study of Plavcova et al. (2016), who found that the amount
of parenchyma tissues is a strong determinant of the amount of stored
NSC.

In conclusion, we found global-wide patterns in differences of wood
structure between angiosperm and gymnosperm species that correlate
with their vulnerability to embolism formation (P50). In particular, in
gymnosperms the relationship between P50 and WD is likely driven by
the scaling between conduit number and diameter, and thus cell wall
thickness. In contrast, in angiosperms, the relative amounts of
parenchyma cells and fibres were significantly related to embolism
formation. The amount of parenchyma volume in the xylem, which may
be involved in the maintenance/repair of plant hydraulic systems, was
significantly related to P50. Angiosperm species more vulnerable to
embolism formation had wider and less dense vessels, but also had a
higher amount of parenchyma, consistent with hypothesis around
embolism reversal mechanisms, where parenchyma and the amount of
NSC would play a central role.

66



Chapter 5. The total path length’s hydraulic resistance
according to known anatomical patterns: what is the shape of
the root-to-leaf tension gradient along the plant’s longitudinal
axis?

Authors:
Silvia Lechthaler, Natasa Kiorapostolou*, Andrea Pitacco, Tommaso
Anfodillo, Giai Petit

To be submitted

Corresponding author *

67



68
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what is the shape of the root-to-leaf tension gradient along the plant’s longitudinal axis?

Abstract

Xylem conduit diameter widens from leaf tip to stem base and how this
widening affects the total hydraulic resistance (Rcum) and the gradient
of water potential (¥xyl) has never been thoroughly investigated.

Data of conduit diameter of Acer pseudoplatanus, Fagus sylvatica and
Picea abies were used to model the axial variation of Rcum and Pxyl.
The majority of Rcum (from 79 to 98%) was predicted to be confined
within the leaf/needle. Consequently, a steep gradient of water
potentials was predicted to develop within the leaf/needle base, whereas
lower in the stem water potentials approximate those of rootlets.

Our analyses suggest that the xylem conduits of stem and roots,
accounting for nearly the total length of the hydraulic path, provide a
nearly negligible contribution to plant’s water relations, which in turn
are controlled by living cells at the hydraulic path’s extremities (rootlets
and leaves).

Keywords: hydraulic resistance, leaf, xylem, stem, water potential,
tension gradient, conduit widening.

Introduction

According to the cohesion-tension theory, water within the xylem flows
against gravity from the soil to the canopy due to the lower water
potential developed in the transpiring leaves (Dixon & Joly 1895;
Angeles et al. 2004). The evaporation of water in the mesophyll and the
consequent vapor diffusion into the atmosphere (i.e. leaf transpiration)
is the main mechanism driving the water uplift. The surface tension at
the liquid/vapor interface does not overcome the adhesion forces in the
nanopores of the mesophyll cell walls inside the substomatal cavities
(estimated in the range of 5-10 nm, Tyree & Zimmermann, 2002),
determining the formation of water menisci inside these cavities and the
transmission of subatmospheric pressures along the whole hydraulic
path until the rootlets. The water lost with transpiration is replenished
by the bulk water flowing from roots to leaves in a metastable state,
through a network of dead and hollow conduits (i.e. the xylem) (Nobel
2012; Brown 2013).

Plant’s water relations are widely studied based on the analogy to
electric circuits, where water flow (F) is analogous to the electric
current generated by a difference in potential energy of water (water
potential, ¥, MPa) between the two extremities of the circuit (soil-to-
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root and leaf-to-atmosphere interfaces), the media through which water
flows are resistances connected in series (e.g., Xylem conduits), and
other plant structures may serve as capacitors (e.g., parenchyma cells)
(Tyree & Zimmermann 2002). According to the Darcy’s law, the water
flow is determined by the ratio between the difference in water potential
between two points along the hydraulic path (4¥) and the total
hydraulic resistance (R) of the medium passed through (Reid et al.
2005):

F= AY/R Eq. 1

The A4 between leaves and soil (Plear- Psoit) 1S strongly influenced by
the surrounding environmental conditions. When the atmosphere is dry
and hot, the transpiring leaves loose more water from the mesophyll
cell walls, with even lower water potential (i.e. higher tension) being
propagated down along the xylem path. Instead, when soil gets drier,
the xylem water potential decreases accordingly, determining a
reduction in 4% between leaves and soil.

The total hydraulic resistance of the plant’s hydraulic architecture can
be simplified as the sum of resistances connected in series along the
hydraulic path (Fig. 1). For the nearly entire path length, water flows
through a complex network of conductive elements, similar to capillary
tubes (i.e., the dead, hollow and thick-walled xylem conduits). Instead,
at the extremities of the hydraulic path, water moves for very short
distances along different structures. In both the leaf mesophyll and
rootlets, water does not flow through “tubes”, but must cross cell
membranes and walls of a series of living cells (Tyree & Zimmermann
2002).

Between the two extremities where water must flow through the living
cells of rootlets and leaves, the total hydraulic resistance of the whole
xylem architecture connecting roots to leaves is essentially determined
by conduit number and conduits’ anatomical traits, such as their size
(lumen diameter and length) and their pits’ properties (density and pore
size) (Hacke & Sperry 2001; Choat et al. 2008). According to the
Hagen-Poiseuille's law, the hydraulic resistance (r) of a single xylem
conduit’s lumen can be assimilated to that of a capillary tube (Tyree &

Ewers 1991):
__ 1287l
= Eqg. 2

where 7 is the dynamic viscosity of water (10° MPa-s at 20°C), | is the
length and d the diameter of the conduit. It follows that changes in
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conduit size, especially d, along the hydraulic path can have a great
effect on its total hydraulic resistance.

At the stem level, it has been widely demonstrated that the diameter of
xylem conduits continuously varies along the stem, being rather narrow
at the tree top and becoming progressively wider towards the stem base
(see Anfodillo et al. 2013 for a review). The scaling of conduit diameter
with the distance from the stem apex commonly follows a trend well
approximated to a power function (Y=a-X®), with the rate of conduit
enlargement per unit of path distance being steeper close to the tree
apex and gradually approaching a plateau towards the stem base. The
scaling exponent (b) of the basipetal widening of stem’s xylem conduits
has been commonly reported to converge to the value of 0.2 irrespective
of species, tree size or environmental conditions (Anfodillo et al. 2006;
Anfodillo et al. 2013; Olson et al. 2014). Belowground, the axial
variation in conduit diameter had been scarcely investigated. While the
continuous increase in conduit diameter from the root collar towards
the rootlets had been found in a few conifer trees (Petit et al. 2009;
Lintunen & Kalliokoski 2010), other researchers observed more
complex axial patterns in conduit diameter in both conifer (Lintunen &
Kalliokoski 2010; Prendin et al. 2018) and angiosperm roots (Jacobsen
et al. 2018). In any case, xylem conduits of roots were always wider
than those of stem in both broadleaved (McElrone et al. 2004; Petit et
al. 2010; Jacobsen et al. 2018) and conifers (Petit et al. 2009; Lintunen
& Kalliokoski 2010; Prendin et al. 2018). The hydraulic consequence
of such an axial configuration is that the overall increase in conduit
diameter basally would theoretically strongly compensate for the path
length effect to the total hydraulic resistance. As a consequence, the
increase in the hydraulic resistance cumulated from the distal unit of
the hydraulic path downwards (Rcum) would be much less than linear,
so that most of Rcum remains confined within a very short distance from
the stem apex (West et al. 1999; Petit & Anfodillo 2009; Petit et al.
2010). A few studies provided empirical hydraulic measurements
supporting that the axial distribution of resistances along the
longitudinal stem/branch axis were very consistent with modeled
distribution of resistances due to the axial widening of xylem conduit
diameters (Yang & Tyree 1993; Petit et al. 2008). Although other
ultrastructures of xylem conduits (e.g., type of wall thickening, end-
wall anatomy, pit structures, pit size and number) effectively contribute
to the total xylem resistance, yet they were often reported to contribute
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to the total conduit resistance in proportion to the lumen resistance
(Martre et al. 2000; Sperry et al. 2005; Pittermann et al. 2006;
Christman & Sperry 2010). Consistently, pit number and size have been
reported to be strongly correlated to conduit diameter (Becker et al.
2003; Sperry et al. 2006; Lazzarin et al. 2016; Losso et al. 2018;
Jacobsen et al. 2018).

The elements of the stem xylem are directly connected to the elements
composing the leaf xylem network, where conduits are on average
narrower than those in the stem (Lintunen & Kalliokoski 2010; Petit &
Anfodillo 2013), and decrease in diameter from the petiole to the
narrow minor veins (Coomes et al. 2008; Sack et al. 2012; Petit &
Anfodillo 2013).

Nonetheless, the contribution of leaves to the total plant resistance
remains still controversial. Recent studies have highlighted that the total
leaf’s hydraulic resistance is substantially determined in equal
proportion by the resistances in series of the leaf xylem and of the
outside-xylem paths in the mesophyll (Cochard et al. 2004; Trifil6 et al.
2016; Scoffoni et al. 2017). Moreover, it has been argued that the
dissipation of very low water potential within the short distances inside
the leaf would require very high hydraulic resistances (Buckley & Sack
2019). On the contrary, other studies based on empirical hydraulic
measurements reported instead a lower contribution of leaves to the
total hydraulic resistance compared to stem and branches (e.g., Tsuda
& Tyree, 1997; Sobrado, 2007).

Despite the existence of the abovementioned axial variations in xylem
anatomy, yet their effects on the axial gradient of xylem water potential
(¥xyl) along the soil-plant-atmosphere continuum (SPAC) have never
been deeply investigated. Most commonly, the total xylem resistance
has been considered as a sort of “unit resistance”, intrinsically assuming
no axial variations in resistivity (i.e., resistance per unit length), thus
implicitly assuming Pxy! to vary linearly between the two extremities
of the hydraulic path (e.g., Venturas et al., 2017).

This work aims to evaluate the effect of the axial variation in conduit
diameter along the whole leaf-to-stem hydraulic path in shaping the
stem-to-leaf gradient of water potential (¥x). We combined our own
measurements on axial variation in conduit diameter along the main
leaf/needle axial vein with published and unpublished data on the axial
variation from the stem apex to base for two angiosperms (Acer
pseudoplatanus L., Petit et al., 2008, and Fagus sylvatica L., Petit et al.
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unpublished data) and one gymnosperm species (Picea abies (L.)
Karst., Petit et al. unpublished data). The published data include
anatomical information on the conduit diameter variation with tree
height, obtained from several anatomical sections performed at
different heights along the stem. We implemented these data into a
simple hydraulic model to assess the effect of the distribution of
resistances along a single root-to-leaf chain of conduits in shaping the
gradient of water potential along the entire vascular path from the
ultimate (i.e., distal) element of the leaf/needle venation network to the
rootlets (Fig. 1).

Leaf

outside-xylem
Resistance

(Rox)

Leaf xylem
Resistance

(Ry)

Path length

Stem xylem
Resistance

(Ry)

Xylem widening

Root xylem
Resistance

(Rrx) ——

0 25 50 75 100
Water tension (%)
Figure 1. Graphic representation of the distribution of the different hydraulic
resistances connected in series along the aboveground hydraulic path from the
rootlets to the leaf mesophyll. Due to the axial variation of conduit diameter
along the axes of leaves (yellow) and stems (black) and to the magnitude of
the outside-xylem resistance in the leaves (red), almost the total water tension
gradient is confined within the leaf (red, yellow lines) whereas the variation in
the stem is almost negligible (black line).

Material and methods

Anatomical analyses

We focused our analyses on two angiosperms (Acer pseudoplatanus L.
and Fagus sylvatica L.) and one gymnosperm (Picea abies (L.) Karst).
At the end of the growing season 2017 (to ensure that the leaves were
fully developed), we collected three to seven leaves/needles per species

from trees growing at the botanical garden of the University of Padova
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(http://www.ortobotanicopd.it/en). For each leaf/needle, we cut 3-10
segments at different distances from the leaf/needle tip, and embedded
them in paraffin (Anderson & Bancroft 2002). Stem cross-sections for
F. sylvatica and P. abies individuals were cut at different distances from
the tree apex (Petit et al. unpublished). Micro-sections of both stem and
leaves were then cut with a rotary microtome Leica RM 2245 (Leica
Biosystems, Nussloch, Germany) at 14-15 um. For the leaves, we
performed sections every 2 cm along the midrib and petiole whereas
the needles of P. abies were cut along the longitudinal axis at every
~1mm (for more information on cut frequencies for the stem sections
see Table S1 not available in this thesis). All sections were stained with
a solution of safranin and Astra blue (1% and 0.5% in distilled water,
respectively) and permanently fixed on glass slides with Eukitt
(BiOptica, Milan, Italy). Slides of leaf sections were scanned with a D-
Sight 2.0 scanner (A. Menarini diagnostic, Firenze, Italy) at 100x
magnification. Images of stem cross-sections were captured at 100x
magnification using a light microscope connected to a digital camera
(Nikon Eclipse 80i, Nikon, Tokyo, Japan) and considering the
outermost ring. Relative images of leaf and stem sections were analyzed
with ROXAS v. 3.0.139 (von Arx & Dietz 2005; von Arx & Carrer
2014) for the automated measurement of the xylem vessel diameters.
Slides of the needle sections were observed under a light microscope
(Nikon Eclipse80i; Nikon, Tokyo, Japan) connected to a digital camera
at 400x magnification, and the diameter of the six biggest tracheids was
manually measured using a linear measurement tool. For each
leaf/needle section, the hydraulic diamter (Dh) was calculated as:

Dh = xd°/xd* q.3

where d is the diameter of a given vessel.

For A. pseudoplatanus, we obtained from published data the estimated
Dh at different distances from the stem apex (Table S1 not available in
this thesis).

Statistical analyses

Data of Dh and distance from the leaf/needle tip (L) were Logl0-
transformed in order to meet the normality and homoscedasticity
assumptions, and fitted with a linear regression to estimate the y-
intercept and the widening coefficient (i.e., the slope b) for each species
and organ (leaf/needle or stem) (Table 1).
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Hydraulic model

For each species, the estimated basal widening pattern of conduit
diameter along the leaf midrib/needle axis and further below along the
stem were implemented into a hydraulic model for the assessment of
the axial variation in the cumulative path resistance and in the xylem
water potential along the longitudinal hydraulic path of a theoretical
tree, simplified as a single pipe of chained conduits of 30 m of total
length.

We calculated the theoretical hydraulic resistance (r) of each
conductive element at each 1 mm of the hydraulic path according to
Hagen-Poiseuille (Eq. 2). The cumulative path resistance (Rcum) was
calculated as the sum of all conduits starting from the apical (i.e., distal)
element and moving down until the stem base.

Rcum was calculated according to three different patterns of axial
variation in conduit diameter: (i) according to our empirical
observations of axial conduit widening along the stem (Rs); (ii)
according to our empirical observations of axial conduit widening along
the stem and leaf midrib/needle (Rsx + Ri); (iii) according to our
empirical observations of axial conduit widening along the stem and
leaf midrib/needle, plus the resistance of the outside-xylem path (Rox)
added as the most distal element of the hydraulic path (Rsx+ Rix+ Rox),
with a value of 50% of the total leaf/needle resistance (i.e., Rox=Rsx +
Rix) (Cochard et al. 2004; Trifilo et al. 2016; Scoffoni et al. 2017).

At each mm along the hydraulic path, the water potential was estimated
according to Eqg. 1, and the estimation of water flow (F) under the
assumption of the conservation of mass. The total path resistance was
calculated as the sum of each single element resistance and an arbitrary
A¥ was applied between the most distal and the proximal element of
the hydraulic path. The water potential at the base of a given xylem
element (¥xi, considered cylindrical) was calculated as:

Wy, = Fx1 4+ Wy Eq. 4

where r is the conduit resistance and ¥xo is the water potential at the
base of the next xylem element.

We then expressed ¥x as relative variation in tension between the most
apical (distal) element of the hydraulic path (i.e., 100% of tension) and
the stem base (0% of tension).

The model also simulated the theoretical effects of different soil (¥soil
from 0 to -2 MPa) and air dryness (¥Pair from -40 to -80 MPa) (Brown
& van Haveren 1972) on the variation in the water potential (¥x) along
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the whole hydraulic path from the substomatal cavities until the
soil/root interface, assuming full functionality of all xylem conduits
(i.e., no losses of conductance due to embolism formation). The water
potential calculated for the apical element of the hydraulic path, (i.e., at
the outside xylem level) accounted also for the leaf osmotic adjustment
to compensate for the gravitational pressure drop of 0.01 MPa/m.

Results

The hydraulic diameter of xylem conduits (Dh) in the angiosperm
leaves increased along the midrib from the leaf tip to the petiole (Fig.
2, 3) following a power trajectory characterized by a scaling exponent
of b=0.41 (Cl 95%: 0.37; 0.44, Table 1) in A. pseudoplatanus and
b=0.33 in F. sylvatica (CI 95%: 0.18; 0.47, Table 1). On the contrary,
the tracheid Dh of the analyzed P. abies’ needles remained around 3.5
pum without showing significant axial trends (Fig. 2, 3, Table 1).

Figure 2. Anatomical sections taken at 20, 60, 180 mm from the leaf tip for
Acer pseudoplatanus (upper images) and at the tip, middle and base of a Picea
abies needle of 15 mm in length. The black arrows indicate the xylem conduits.

The pattern of xylem’s Dh variation along the axis of the whole
hydraulic path with leaves/needles and stem connected in series,
revealed for P. abies a steep increase in Dh at the needle junction into
the stem apex, whereas in both angiosperms the Dh variation from the
leaf petiole to the stem apex was rather smooth (Fig. 3, Table 1).
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Figure 3. Variation of the
hydraulic diameter (Dh)
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Table 1: Parameters (y-intercept, a; slope, b; their 95% confidence intervals;
R? and p-value) of the linear regressions of Log10Dh vs. Log10L describing
the conduit widening along the leaf/needle or stem longitudinal axis, where L
(in mm) is the distance from the apical element of the leaf/needle or stem,
respectively. Data of Dh along the stem were taken from literature (Acer
pseudoplatanus, Petit et al., 2008) and from unpublished works (Fagus
sylvatica, Picea abies).

Species a b R’ p-value  a95% CI b 95% CI  Citation
Leaf 039 041 085 932- 032,045 0.37;0.44
Acer 9
pseudoplatans | Srom 122 0.14 085  4.68¢- 1.20:1.25  0.13:0.15  Petit et al.,
94 2008
Leaf 066 033 075 24e-6 041;090 0.18;0.47
Fagus
sylvatica Stem 134 0.13 079  3.3e- 1.32;1.35 0.13:0.14  Unpublished
164
Picea Leaf 054 0.04 002 036
abies Stem 085 0.16 082 7T.le- 0.83:0.87  0.16:0.17  Unpublished

140

The estimated variation in the cumulative resistance (Rcum) with the
increasing path length (L) showed that the hydraulic resistances are not
homogeneously distributed along the hydraulic path (Fig. 4), but
elements of highest resistance are located in the apical part of the
hydraulic path.

Along the longitudinal axis of the stem, Rcum increased from the apex
downwards at rates progressively decreasing towards the stem base
(Fig. 4a). When the contribution of leaf/needle conduits (RIx) to the
total path resistance was added to that of stem’s conduits (Rsx), the
model predicted that 65% and 95% of the total hydraulic resistance was
confined within the needle in the conifer and within the leaf midrib in
angiosperms, respectively (Fig. 4b). When also the contribution of the
outside xylem resistance (Rox) was considered for the build-up of the
total path resistance (i.e. 50% of the total leaf/needle resistance), almost
the entire Rcum (98% for A. pseudoplatanus, 92% for F. sylvatica and
85% for P. abies) was confined at the leaf level (Fig. 4c).
Accordingly, the same trends were predicted for the variation in tension
(expressed as the percentage of ¥xy/ from the leaf tip to the stem base,
with most of the gradient confined within the leaf/needle (Fig. 4d).
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By running a series of simulations for considering all the resistances
along the hydraulic path (Rsx+RIx+Rox), and applying virtually
possible conditions of soil water potentials (¥soi/=0 to -2 MPa) and air
water potentials in the substomatal cavities (Pair=-40 to -80 MPa), the
model predicted that the gradient of xylem water potential rapidly
increases along the leaf midrib from the tip to the petiole (Fig 5, dotted
line, simulation made for A. pseudoplatanus). Notably, at the petiole
base, the ¥x was predicted not to reach very low values, and was mostly
dependent on ¥soil and much less influenced by air dryness (¥Pair).
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Figure 4. Relative axial variation of the cumulated resistance (Rcum) With the
path length (L) considering (a) only the stem vasculature (Rs, black dotted
line), (b) the integrated vasculatures of stem and leaves/needles (Rsx + Rix, black
+red line), and (c) the total pathway, i.e. accounting also for the outside-xylem
resistance in the leaves/needles (Rsx + Rix + Roy, black + red+yellow line). (d)
Relative variation in tension between the most apical (distal) element of the
hydraulic path (i.e., the air/liquid interface on the mesophyll cell walls, 100%
of tension) and the stem base (0% of tension). The dotted and solid lines
represent the hydraulic path along the branch/stem/root and leaf/needle axes,
respectively.
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Discussion

Our results provided empirical evidence that the whole xylem vascular
system is composed by conduits of different diameter with the smallest
vascular elements being located at the distal extremity of the hydraulic
path (i.e., in leaves/needles), in connection with the stem vasculature
with conduits progressively enlarging in diameter moving away below
the stem apex. This whole axial anatomical organization is likely to
affect the distribution of resistances along the hydraulic path. This
would theoretically determine a characteristic shape of the water
potential gradient from the terminal element of the leaf/needle down to
the stem base and further below until the root/soil interface, with
potentially important implications for the exposure of xylem conduits
to more or less risky water potentials for embolism formation.

Our anatomical analyses revealed that the xylem vascular system of
angiosperms’ leaves is characterized by an axial scaling of conduit
diameter with an exponent of b~0.4, i.e., much higher than that reported
for the stem of our trees (b~0.14), consistent with previous studies
(Coomes et al. 2008; Petit & Anfodillo 2013). On the contrary, needles
showed no axial trends in conduit diameter. Overall, the whole vascular
system of either the angiosperms and the conifer seemed to conform to
the principle that the size of conduits substantially depends on their
position along the hydraulic path (Anfodillo et al., 2013; Lintunen et
al., 2010; Olson et al., 2014, 2018).

We used our anatomical observations to derive information on the
hydraulic properties of the whole transport system. Although our
anatomical data were limited to only three species, it is worth
mentioning that the reported axial scaling exponents estimated either
along the leaf midrib or along the stem, were consistent with the
convergent axial patterns found in both leaf venations (Coomes et al.
2008; Petit & Anfodillo 2013) and stems (Anfodillo et al. 2013; Olson
et al. 2014).

At the stem level, the total hydraulic resistance (Rcum) progressively
cumulated from the stem apex downwards, but much less than linearly
(Petit & Anfodillo 2009). Although our model oversimplified the xylem
architecture, this result is fully consistent with some detailed
physiological data. Indeed, measurements of axial hydraulic resistances
carried out on stems of Acer saccharum Marsh. (6-9 m in length) of
progressively reducing length by removing segments from the apex
(Yang & Tyree 1993) are surprisingly consistent with our anatomical
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based data (Fig. 6). Seemingly, but with the opposite approach (i.e.,
reducing stem/branch length starting from the base), the axial
components of the total hydraulic resistance of stem and branches in
Acer pseudoplatanus L. assessed with hydraulic measurements well
matched the predictions based on the axial variation in vessel diameter
(Petit et al. 2008).
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Figure 6. Relative axial variation of the cumulated resistance (%Rcum) With
path length (L (m)) in two branches of Acer saccharum. Dark green circles and
purple diamonds are real data obtained from Yang & Tyree 1993 for two
branches of 6 and 9 meter in length. We considered vessel widening with an
exponent 0.14 as for our Acer trees (see table 1). Dark green dashed line and
solid purple line are model expectation.

These good matching of physiological data and intra-individual
variation in conduit diameter implies that the contribution of other
conduit ultrastructures to the total conduit resistance is a constant
fraction of lumen resistance. Indeed, it had been often reported that
different cell’s ultrastructures, such as wall-thickening type, end wall
angle and morphology, size and density of pits, effectively contribute
to the total conduit resistance in proportion to the lumen resistance
(Martre et al. 2000; Sperry et al. 2005; Pittermann et al. 2006;
Christman & Sperry 2010). with a proportion estimated as 56-64% in
both angiosperms and gymnosperms (Sperry et al. 2005; Pittermann et
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al. 2006). However, detailed analyses on how this proportion varies
along the hydraulic path have still to be carried out.

We found that the leaf/needle length, its conduit widening, and the
variation in conduit size at the junction between leaf/needle and stem
were the main factors affecting the increase in Rcum from the
leaf/needle tip down along the hydraulic path to the stem base. The
overall axial trend in conduit diameter along both leaf/needle and stem
in series suggested a hydraulic segmentation of the foliar element, along
which most of Rcum would remain concentrated (~80%), thus
minimizing the contribution of the stem’s xylem to Rcum (Fig. 4a).
Notably, such a contribution became even weaker when we accounted
also for the contribution of the living cells of the outside-xylem
hydraulic pathway to Rcum (Fig. 4a). In our simulations we
implemented a conservative approximation of the outside-xylem
resistance (Rox), being equal to 50% of the total leaf/needle hydraulic
resistance in both angiosperms and conifer. However, Rox had been
reported to vary between 40 to 88 % of the total leaf resistance across
angiosperm species (Cochard et al. 2004; Trifil6 et al. 2016; Scoffoni
et al. 2017), but no data are available for conifer needles. Nevertheless,
these results would suggest in general that the higher is the contribution
of Rox to the total leaf resistance then the lower is the contribution of
the stem’s xylem to the total hydraulic resistance of the whole transport
system (Rcum). This theoretical scenario is consistent with the classical
view that the major component of the whole plant’s hydraulic resistance
is concentrated in the leaves (Tyree et al. 1993; Yang & Tyree 1994;
Nardini & Salleo 2000; Sack & Holbrook 2006), although other
empirical hydraulic measurements reported that leaf resistance is
significantly lower than the resistance of both stem and roots (Tsuda &
Tyree 1997; Sobrado 2007). In addition, our anatomical observations
would strongly support a recent hypothesis that a very steep gradient of
negative water potential likely occurs within the leaves (Buckley &
Sack 2019), and agrees with empirical water potential measurements
reporting a steep gradient of water potential developing during the day
along the midrib of compound leaves, with more negative Wiear
measured at the apical leaflet than that of the whole compound leaf at
the level of the midrib’s petiole (Petit & Anfodillo 2013). More
specifically, the model predicted that the remaining drop in water
potential between the stem apex and rootlets is very small, so that the
actual stem water potential strongly depends on the water potential of
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rootlets. This result conflicts with the classical view according to which
the water potential along the stem increases linearly from leaves (¥iear)
to soil (¥sow) (e.g.,Venturas et al., 2017).

Steep variations in hydraulic resistivity have been suggested to
determine hydraulic segmentations of different portions of the
hydraulic path, with important consequences for the axial gradient of
water potential and for the spread of gas emboli (Tyree & Zimmermann
2002b). According to the reported axial anatomical patterns,
leaves/needles have been predicted to be nearly hydraulically
“decoupled” from the stem, with the former accounting for nearly the
total hydraulic resistance and therefore containing most of the total
gradient of water potential (Nardini & Salleo 2000; Buckley & Sack
2019), whereas down along the latter the gradient would become rather
flat, with water potential approximating that of rootlets (Fig. 4d and Fig.
5). Consequently, our model would predict that in case of water sub-
saturation of soil (¥soi. ~0 MPa), the water potential developing along
the whole stem axis would not be very low, even with very dry air. Such
a segmentation would seem to be very effective in limiting the risks of
embolism formation due to high transpiration rates (Martin-StPaul et
al. 2017). However, much would depend on the relative contribution of
rootlets to the total plant resistance. Hydraulic measurements on root
segments suggested a minor contribution to the total hydraulic
resistance (Martinez-Vilalta et al. 2002; McElrone et al. 2004b),
consistent with anatomical observations of larger conduits below- than
aboveground (McElrone et al. 2004b; Petit et al. 2009; Lintunen &
Kalliokoski 2010; Petit et al. 2010; Prendin et al. 2018; Jacobsen et al.
2018). On the contrary, hydraulic measurements of the entire root
system revealed a major contribution of the belowground transport
system to the total plant resistance (Pratt et al. 2010). Further
investigations are needed to more precisely understand the water
relations of whole roots, as they imply the bypassing of impermeable
barriers (i.e., the Casparian bands in the endodermis cell walls) through
symplastic pathways, where aquaporins actively play a key role in
strongly modulating root resistance upon physiological needs (Steudle
& Peterson 1998).

In conclusion, we provided evidence for typical anatomical axial
patterns between the upper and lower extremities of the hydraulic path,
theoretically confining nearly the whole tension gradient within the
leaf/needle segments. However, while the axial variation of xylem
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conduit diameter is recognized to determine the hydraulic properties of
the stem, the water relations at the extremities of the hydraulic path
remain controversial and require further investigations to clearly
understand their relative contribution to the total plant’s hydraulic
resistance. Based on empirical data of xylem anatomy, we hypothesize
that roots and leaves respectively contribute negligibly and
substantially to the total hydraulic resistance, so that the total hydraulic
resistance is substantially independent of path length and a negligible
tension gradient develops along branches, stem and roots, with water
potentials remaining in the range of that at the soil/root interface,
determining the highest safety against embolism formation during
transpiration.
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Abstract

Drought limits the long-distance transport of water in the xylem due to
the reduced leaf-to-soil water potential difference and possible
embolism-related losses of conductance, and of sugars in the phloem
due to the higher viscosity of the dehydrated sugary solution. This
condition can have cascading effects in water and carbon fluxes that
may ultimately cause tree death. We hypothesize that the maintenance
of xylem and phloem conductances is fundamental for survival also
under reduced resource availability, when trees may produce effective
and low C cost anatomical adjustments in the xylem and phloem close
to the treetop where most of the hydraulic resistance is concentrated.
We analyzed the treetop’s xylem and phloem anatomical characteristics
in Scots pine trees symptomatic and non-symptomatic of drought-
induced dieback. We selected the topmost 55 cm of the main stem and
selected several sampling positions at different distances from the stem
apex to test for differences in the axial patterns between the two groups
of trees. We measured the annual ring areas (RA), the tracheids’
hydraulic diameter (Dh) and wall thickness (CWT), and the average
lumen area of phloem sieve elements (CAph).

Declining trees grew less than the non-declining ones, and despite the
similar axial scaling of anatomical traits, had larger Dh and lower CWT.
Moreover, declining trees had wider CAph.

Our results demonstrate that even under drought stress, maintenance of
xylem and phloem efficiencies is of primary importance for survival,
even if producing fewer larger tracheids maybe also more vulnerable to
embolism formation.

Keywords: Scots pine, wood anatomy, forest dieback, tree mortality,
hydraulic failure, phenotypic plasticity, xylem, phloem.

Introduction

Drought events and heat waves are increasing worldwide in frequency
and intensity due to the effects of climate change (Dai 2013). The
resulting soil water shortage and high evaporative demand impose
serious limitations to leaf transpiration and C uptake, inducing
challenging conditions for the survival of trees. Indeed, an increased
frequency of forest dieback and tree mortality events has been reported
worldwide in the last decades (Allen et al. 2010, 2015).

Tree survival depends on the positive carbon balance, i.e., the
difference between C uptake through photosynthesis and C used for all
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the different physiological processes. Maintenance respiration
consumes approximately 50% of the total C fixed with photosynthesis
(Waring et al. 1998), whereas another significant amount is transferred
to the environment as root exudates (~10%) (Jones et al. 2009) and
volatile organic compounds (VOCs) (~10%) (Pefiuelas & Llusia 2003).
Importantly, with drought plants require a higher tissue osmoregulation
to maintain tissue hydration, especially at the root level (O’Brien et al.
2014). Alongside, a higher amount of C is released to the soils (Preece
et al. 2018), which is commonly supposed to be a strategy to ameliorate
the rhizosphere condition by attracting symbiotic microorganisms, like
mycorrhizas (Walter 2018). Moreover, also VOCs emissions have been
reported to increase in response to drought (Ameye et al. 2018).

Carbon assimilation is linked to transpiration. The water diffused to the
atmosphere through the leaf stomata needs to be replaced by water
absorbed by roots and flowing along the xylem transport system to the
leaves (Taiz & Zeiger 2006). The difference of water potential between
leaves and roots (4%¥=%¥ ear- Psoi) represents the “engine” triggering
the water flow. According to the Darcy’s law (Tyree & Ewers 1991),
the flow rate (F=A4¥xK) is also proportional to the total xylem
conductance (K), which is the resultant of the hydraulic contribution of
every single xylem conduit constituting the water transport system.
Since K cannot be promptly modified because xylem conduits are dead
hollow cells, a reduction in 4% due to soil drought can be limiting for
F, and therefore for gas exchange. If this situation persists until the tree
depletes all the C reserves, decline and finally death by C starvation
would occur. Other major mechanism of dieback and death implies
widespread xylem embolism leading to plant desiccation by hydraulic
failure (McDowell et al. 2008). However, the evaporation from cellular
interstices in the leaf mesophyll cavities implies that water flows along
the xylem at sub-atmospheric pressure and therefore in a metastable
liquid phase (Tyree 1997). When water potential drops below a certain
threshold, air bubbles can penetrate and expand into a xylem conduit,
which becomes air-filled and no longer conductive (Cochard 2006).
Vulnerability of conduits to embolism formation is variable and
depends on different anatomical structures (e.g., pit size and number)
(Tixier et al. 2014). In general, embolism resistance decreases with
increasing conduit size (Hacke et al. 2006, Sperry et al. 2006),
especially at the intraspecific level (Larter et al. 2017). Accordingly,
the smallest xylem conduits along the roots-to-leaves hydraulic path are
found at the stem apex (Petit et al. 2009, 2010), where the water
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potential is the lowest due to the proximity to the sites of evaporation
(i.e., leaves) (Venturas et al. 2017). Below the apex, conduits increase
progressively until the stem base according to a universal axial pattern
across species, size, and environment (Anfodillo et al. 2013).

In parallel to water flowing upwards to the leaves along the xylem
architecture, the solution of sugars produced with photosynthesis flows
in the opposite direction along the phloem, where conduits increase in
diameter from stem apex to base seemingly to those of xylem (Petit &
Crivellaro 2014, Jyske & Holtta 2015, Savage et al. 2017). The flow
occurs under the positive pressure between the sites of sugar loading
(leaves, with higher sugar concentration) and sink sites, where sugars
are consumed (De Schepper et al. 2013). This drop in the positive
pressure is sustained by sugar loading at the leaf level. Consequently,
sugar transport is dependent on C assimilation and thus on leaf
transpiration (Holtta et al. 2006, 2009). Under drought, not only phloem
sap flow is limited by the prolonged stomatal closure, but also its
overall efficiency (i.e., conductance) can be further limited by the
higher sap viscosity due to tissue dehydration (Sevanto 2014).

What mechanism is mostly involved in determining irreversible
conditions and exposing trees to pathogens attacks and ultimately
mortality has been the object of intense research in the last decade
(McDowell et al. 2013, Gaylord et al. 2015). On the one hand, a relevant
loss of hydraulic conductance (> 60%) due to widespread embolism
formation has been commonly reported in trees at significant stressful
conditions preceding drought-induced mortality (Adams et al. 2017).
On the other, the tree reaction to drought has been investigated either
through comparative analyses of coexisting declining and non-
declining trees, or retrospectively by reconstructing time series of
xylem anatomical traits (e.g., Pellizzari et al. 2016). The first and most
evident reaction to drought is the reduction in both primary and
secondary growth rates (Maier 2001). Since anatomical traits (e.g.,
vessel diameter and grouping) vary axially according to a rather rigid
design (Lechthaler et al. 2018), the commonly used protocols of
measuring anatomical traits at one single position along the
stem/branch with a fixed age, led to the most obvious result that trees
with smaller xylem conduits are more embolism-resistant but less
efficient in water transport (i.e., have a lower xylem conductance), with
consequent limitations to secondary growth rates (von Arx et al. 2012,
Pfautsch et al. 2016, Schuldt et al. 2016, Martinez-Sancho et al. 2017).
Drought dependent limitations to growth rate are also reported from
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retrospective analyses of ring width (Weemstra et al. 2013, Cailleret et
al. 2017), with deeper anatomical investigations supporting the
hypothesis that declining trees imprint their long-term reaction to
drought by producing narrower conduits (Pellizzari et al. 2016).

The overall picture described above conflicts with other analyses
carried out according to different sampling approaches, accounting for
the general and predictable axial design of the xylem and phloem
architectures. These studies supported the alternative hypothesis that
trees react to drought by maintaining or even increasing the efficiency
of the long-distance transport systems of both xylem and phloem. The
underlying hypothesis is that to increase the survival probability, a tree
must maintain a positive C balance and, hence, compensate for potential
limitations to C assimilation (and therefore to transpiration and water
flow) and sugar transport. At the xylem level, plants were reported to
either react to soil drought by producing wider xylem conduits at the
stem apex (Petit et al. 2016, Kiorapostolou et al. 2018) or to prevent
any plastic adjustment of conduit size (Kiorapostolou & Petit, 2018).
Furthermore, it has been shown that also tall trees, compared to small
ones, can produce slightly larger conduits at the stem apex, likely to
compensate for the hydraulic limitations imposed by the longer path
length (Prendin et al. 2018). Interestingly, the authors showed with a
simple hydraulic model that such a hydraulic compensation would be
effective also if a tall tree would produce smaller conduits towards the
stem base, as often observed in tall mature trees (Mencuccini et al.
2007). In addition, recent investigations on the reaction of phloem to
drought revealed contrasting results, with sieve elements found to be
either narrower in young Fagus sylvatica L. individuals (Dannoura et
al. 2018) or wider in Fraxinus ornus L. (Kiorapostolou & Petit 2018)
in individuals exposed to drought stress.

The aim of this study was to compare the xylem and phloem anatomy
of the stem’s leader shoot of declining vs. non-declining Scots pine
(Pinus sylvestris L.) trees in a site experiencing drought-triggered
dieback. The apical region is exposed to the lowest xylem water
potentials (Venturas et al. 2017), and its xylem and phloem conduits,
the narrowest of the whole transport paths, basically represent tight
hydraulic bottlenecks (Petit & Anfodillo 2009, Ryan & Robert 2017).
The target population was already object of a retrospective dendro-
anatomical analysis revealing that the production of narrower conduits
at 1.3 m started decades before evident signals of dieback such as needle
loss and growth decline (Pellizzari et al. 2016). The null hypothesis was
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that declining Scots pines produced wider tracheids close to the stem
apex, as opposite to what was found at the stem base (Pellizzari et al.
2016), allowing to compensate to some extent for the limitations to gas
exchanges imposed by soil water shortage. Moreover, phloem anatomy
is expected to be characterized by a higher conductive area and wider
sieve elements to guarantee an adequate efficiency of the long-distance
transport of a more viscous phloem sap under drier soil conditions.

Materials and methods

Plant material and study site

In late April of 2017, we sampled three declining (with reduced foliage
cover, on average less than 28% of crown cover) and three non-
declining trees (crown cover > 90%) of similar height in a site (0° 59’
18 W, 40° 26” 32>’ N, 1260-1289 m a.s.l.) located near Corbalan,
Aragon (E. Spain), where many trees started defoliating and dying after
the severe drought of 2012. Since then, mean mortality rates are 12%
yr! (J.J. Camarero, pers. observ.). Trees from this site had been already
subject of dendro-anatomical analyses by Camarero et al. (2015) and
Pellizzari et al. (2016). All sampled trees were measured (diameter at
breast height, height), and their age at 1.3 m and crown cover were
estimated (Table 1).

Table 1. Diameter at breast height (Dbh), height (H), crown cover, and age of
the three declining and three non-declining sampled trees.
Crown cover

Condition Dbh (cm) H (m) (%) Age (years)
Declining 23.0 9.5 40 126
21.3 10.7 20 115
27.0 12.3 25 135
Non-declining 195 9.28 100 61
21.0 10.5 90 90
20.0 9.0 100 62

We cut 4-15 stem segments at different axial positions to a maximum
distance of 55 cm from the apex. The segments were cut just above the
annual intervals and, thus, the range in the segment number depends on
individual’s growth. Transverse micro-sections from stem segments
were cut using a rotary microtome LEICA RM 2245 (Leica Biosystems,
Nussloch, Germany) at 15-18 um, stained with a solution of safranin
and Astra Blue (1% and 0.5% in distilled water, respectively), and
permanently fixed on glass slides with Eukitt (BiOptica, Milan, Italy).

Images of micro-sections were acquired at 100x magnification, using a
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D-sight slide scanner (Menarini Group, Florence, Italy), and analysed
with ROXAS (von Arx & Carrer 2014). The analysis was performed on
a wedge of known angle (o) centred at the pith. A first manual image
editing implied to outline the contour of the pith and of each xylem ring
to allow ROXAS to automatically measure the area of each xylem ring
(RA), the average conduit hydraulic diameter (Dh = ~d°/~d*, where d
is the conduit diameter), and the cell wall thickness (CWT). Then, each
RA was up-scaled to the whole cross-section as Y=Y /ax360 (where Y
is the up-scaled RA, Y' the RA of each ring, and a the wedge angle).
Moreover, we measured for each segment the average area of phloem
sieve tubes (CAph) retrieved from the 20 biggest sieve elements from
the analysed conductive phloem (i.e. the youngest 1-2 phloem rings).

Statistical analysis

We performed a comparative analysis of the scaling relationships
between different traits (i.e., dependent variables: RA, CWT, Dh, CAph)
against the distance from the apex (Dap) in declining and non-declining
trees for the wood produced after the drought of 2012 (the last 5 annual
rings of the sections). We used Standardized Major Axis (SMA)
models and tested for possible differences on the elevation (y-intercept)
and slope (exponent b) of the different scaling relationships (Warton et
al. 2006, 2012). When necessary, variables were transformed in natural
logarithm (log in R) to meet the assumptions of normality and
homoscedasticity. All statistical analyses were performed using R
version 3.4.2 (R Core Team, 2017).

Results

In both declining and non-declining trees, the annual allocation into
xylem biomass followed an axial scaling relationship between the
xylem ring area (RA) and the distance from the stem apex (Dap). The
scaling exponent (i.e., the slope of the log-log relationship was higher
in declining compared to non-declining trees (Figure 1a; Table 2).
However, declining trees grew significantly less than non-declining
trees, as shown by their lower y-intercept in the relationship between
RA and Dap (Figure 1a; Table 2), and by their lower stem elongation
rates (mean +SE = 2.37 £ 0.2 vs. 5.77 £1.13 cm yr?).

The tracheid cell wall thickness (CWT) increased with increasing
distance from the apex for the declining trees, whereas for non-
declining trees the axial variation for the topmost 55 cm was negligible
(Figure 1b; not significant slope). The declining trees had thinner cell
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walls closer to the stem apex, as shown by the significantly lower y-
intercept in the relationship CWT vs. Dap (Figure 1b; Table 2).

The conductive xylem and phloem elements revealed clear axial
patterns. Both the mean tracheid hydraulic diameter (Dh) and the mean
area of sieve elements (CAph) increased with increasing distance from
the stem apex (Dap), according to power scaling relationships with
slopes not significantly different between declining and non-declining
trees (Figures 2a and 2b; Table 2). However, declining trees produced
either wider tracheids than non-declining ones (significantly higher y-
intercept in Dh vs Dap: Figure 2a; Table 2), either wider phloem sieve
elements (higher y-intercept in CAph vs Dap; Figure 2b; Table2).
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Figure 1. (a) Total ring area (RA, mm?) for the last five years (after the drought
of 2012) against distance from the stem apex (Dap, cm) in dark blue circles for
non-declining trees and light blue diamonds for declining trees. (b) Conduit
cell wall thickness (CWT, um) for the last five years (after the drought of 2012)
against distance from the stem apex (Dap, cm) in dark blue circles for non-
declining trees and light blue diamonds for declining trees.
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Figure 2. (a) Conduit hydraulic diameter (Dh, um) for the last five years (after
the drought of 2012) against distance from the stem apex (Dap, cm) in dark
blue circles for non-declining trees and light blue diamonds for declining trees.
(b) Mean phloem cell area (CAph, um?) for the last five years (after the drought
of 2012) against distance from the stem apex (Dap, cm) in dark blue circles for
non-declining trees and light blue diamonds for declining trees.
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Table 2. Outputs of Standardized Major Axis (SMA) models. The models
equal: variable ~ Dap + conditions to test for differences in elevation (y-
intercept), and variable ~ Dap*conditions to test for differences in slopes
(exponent b) (Warton et al. 2012). Data in Log transformed when needed. In
the models variable = RA or CWT or Dh or CAph, and conditions = declining
and non-declining.

Model information Intercept Slope
Log RA vs Log Dap Declining

Estimate -2.763 1.480

Lower limit -3.126 1.350

Upper limit -2.400 1.623
Non-declining

Estimate -2.416 1.187

Lower limit -2.771 1.005

Upper limit -2.061 1.404

P-value <0.01 0.02
Log CWT vs Log Dap Declining

Estimate -0.099 0.255

Lower limit -0.183 0.226

Upper limit -0.015 0.288
Non-declining

Estimate 0.018 0.182

Lower limit -0.077 0.140

Upper limit 0.113 0.235

P-value <0.01 0.02
Dh vs Dap Declining

Estimate 10.847 0.202

Lower limit 10.382 0.184

Upper limit 11.312 0.221
Non-declining

Estimate 9.919 0.194

Lower limit 9.437 0.167

Upper limit 10.400 0.226

P-value <0.001 0.67
Log CAph vs Dap Declining

Estimate 4.485 0.030

Lower limit 4.242 0.023

Upper limit 4.728 0.040
Non-declining

Estimate 4.106 0.029

Lower limit 3.817 0.018

Upper limit 4.395 0.045

P-value <0.01 0.82
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Discussion

In this study, we performed xylem and phloem anatomical analyses at
the treetop of declining and non-declining Scots pine trees of similar
height. Dendro-anatomical analyses of wood cores extracted at breast
height revealed that declining trees started to produce narrower
tracheids long before the emergence of signs of vigor loss (Pellizzari et
al. 2016). Conversely, our results for the wood produced after the
drought of 2012, revealed exactly the opposite pattern at the treetop,
where larger tracheids and sieve elements were found in declining trees.
Soil drought limits photosynthesis and growth because the water
transpired by leaves cannot be supplied with water absorbed by roots
and then flowing through the xylem in the stem. This results into
reduced leaf hydration, with negative effects on stomatal conductance
(Scoffoni et al. 2017), meristem activity and CO, fixation (Brodribb &
Jordan 2008). Under drought also there is the need to increase tissue
osmoregulation (O’Brien et al. 2014), and more abundant losses of
organic compounds to the environment in the form of root exudates
(Preece et al. 2018), and VOCs (Pefiuelas & Llusia 2003) that can
further limit the C resources available for plant growth.

A retrospective dendro-ecological meta-analysis on radial growth
preceding mortality (Cailleret et al. 2017) suggested that rapid mortality
events associated with an abrupt reduction of growth could be triggered
by intense drought events determining driving widespread xylem
embolization and plant desiccation by hydraulic failure. On the
contrary, a long-term growth decline could be associated with a
progressive deterioration in hydraulic performance coupled with a
depletion in carbon reserves. Our study system represents trees in long-
term growth decline. The studied Scots pine tree population analyzed
in this and another study (Pellizzari et al. 2016) revealed that the long-
term (>30 years) reduction in radial growth measured at the stem base
in declining trees was coupled with a reduction in the average tracheid
lumen area in the stem. In contrast, we found that the reduction in stem
elongation was coupled with an increase in the tracheid lumen area, and
a decrease in their cell wall thickness at the treetop. Moreover, the
treetops of declining trees were characterized by phloem sieve elements
with larger diameters compared to non-declining trees. However, both
declining and non-declining trees followed similar axial scaling
patterns in xylem and phloem showing that allometric relationships not
only remain similar independently of plant size and age, but also across
different degrees of vigor. Our scaling exponent of tracheid hydraulic
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diameter (Table 2) is slightly lower than that commonly reported for
different tree species (Anfodillo et al. 2013). On the contrary, the axial
widening of phloem sieve elements was significant but not much
pronounced (b=0.03) (Table 2) as that reported for entire plants
(b~0.14-0.22) (Petit & Crivellaro 2014).

Considering that most of the total hydraulic resistance is concentrated
at the treetop due to the local presence of the smallest conduits of the
whole hydraulic path, a reduction in tracheid lumen area at the stem
base would have a negligible effect on the total xylem conductance (i.e.,
xylem hydraulic efficiency) (Petit et al. 2010, Prendin et al. 2018). On
the contrary, the slight enlargement of the tracheids’ lumen areas at the
treetop had theoretically great hydraulic consequences, with the release
of the plant’s hydraulic bottleneck and the consequent improvement in
the total xylem conductance. The likely side cost of this strategy is the
increase in the vulnerability to drought-induced embolism (Prendin et
al. 2018), not just for the larger apical tracheids, but also for their
thinner cell walls more prone to bending and air seeding under tension
(Sperry et al. 2006). Understanding which the role is of this higher
xylem vulnerability in the long-term process of vigor decline in our
trees is difficult. Nevertheless, our results suggest that declining trees
invested their limited C budget to build-up a low-cost xylem
architecture, i.e., wide conduits at the treetop, in the attempt to maintain
the total xylem conductance. This would reasonably seem a possible
way to increase the chances of survival under drought stress. Indeed,
attaining a positive C balance is subordinated to a sufficient C
assimilation, and thus to a sufficient stomata opening together with an
efficient xylem sap flow supplying the transpiring leaves. In this
respect, it has been recently reported that trees acclimated to drier soil
conditions can even load more leaf than xylem biomass along their
branches compared to trees from more mesic conditions (Anfodillo et
al. 2016, Petit et al. 2016, Kiorapostolou & Petit 2018). In such a way,
they likely compensate for the negative effects of prolonged stomata
closure on C assimilation, and thus covering the seasonal C costs for
maintenance, osmoregulation, transfers of organic compounds to the
rhizosphere and atmosphere, growth and reproduction. It is worth
underlying that the presence of branch loading higher leaf biomass
might be crucial in species shedding leaves during harsh summer
droughts, when plant metabolism is sustained by the C reserves
accumulated during favorable conditions (McDowell et al. 2008).
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The development of a gradient of water potential along the xylem and
the maintenance of leaf hydration are important not only for stomatal
conductance and gas exchanges, but also for an efficient transport of
photosynthetic products along the phloem (Mencuccini & Holtta 2010).
Our anatomical analyses of phloem traits revealed that declining trees
produced a more conductive phloem at the treetop. Similar to the
xylem, the phloem architecture is characterized by conductive sieve
elements that progressively increase in diameter from the stem apex
towards the stem base (Petit & Crivellaro 2014, Jyske & Holtta 2015,
Savage et al. 2017, Kiorapostolou & Petit 2018), so that the treetop
results to be the hydraulic bottleneck also for the long-distance sugar
transport system (Ryan & Robert 2017, Savage et al. 2017). Consistent
with the hypothesis that limitations to phloem transport under drought
arouse from the higher phloem sap viscosity due to tissue dehydration
(Sevanto 2014), we observed a larger conductive phloem area with
wider sieve elements at the treetop of our declining, drought-stressed
Scots pine trees.

Our analyses demonstrated that the anatomical modifications of both
xylem and phloem architecture can be different and respond to different
requirements depending of the position along the hydraulic path. In
particular, modifications that occurred towards the stem base seemed to
respond to contingent conditions of low C resource availability:
allocation to this region is not prioritized, until the extreme case of no
allocation at all (i.e., missing ring, Novak et al. 2016), because of its
minor importance for the overall hydraulic properties (Petit &
Anfodillo 2009, Savage et al. 2017). On the contrary, modifications at
the hydraulic headquarters, i.e., at the treetop, where most of the total
hydraulic resistance is concentrated (Petit & Anfodillo 2009, Savage et
al. 2017), and the xylem tensions are the highest (Venturas et al. 2017),
would result very effective for the overall xylem and phloem
conductance and realizable at a low C cost. As unavoidable side effects,
these modifications may pay the cost of a higher vulnerability to
embolism formation, thus exposing declining trees to even a higher risk
of hydraulic failure (Prendin et al. 2018).

Differently from a large body of published literature, our analyses and
interpretations re-evaluate the role of the xylem embolism resistance as
no longer central in the prioritized processes of acclimation and
adaptation to soil drought conditions, especially in declining trees.
Substantially, the tree reaction to drought unlikely produces a xylem
more resistant to embolism, because this cannot be equally efficient
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(Gleason et al. 2016). In other words, for a declining tree it would be
counterproductive to allocate the reduced C resources in producing
more embolism-resistant xylem (e.g., narrow conduits), when the
resulting conductance is not sufficient to sustain leaf transpiration, and
therefore to assimilate CO5.

In conclusion, we demonstrated that the treetop is the region where low-
cost but hydraulically effective anatomical modifications can be
realized under drought stress, meristem impairment and shortage of C
resources. Safeguarding the total xylem and phloem conductance seems
a risk worth taking to increase the chances of survival, even though this
may come at the cost of a higher vulnerability of embolism formation
and the relative higher risk of death by hydraulic failure.

102



Chapter 7. More studies in short

103



104



Chapter 7. More studies in short

1.Hydraulic recovery from xylem embolism in excised branches
of angiosperms is related to the amount of xylem parenchyma
and the occurrence of phloem

Introduction

Water transport in plants is realized through elongated dead xylem
conduits following a gradient of water potentials developed from the
transpiring leaves. According to the cohesion-tension mechanism,
water is under tension and, although below its vapor pressure, it remains
in liquid phase. Under such a metastable state, water is prone to
cavitation, resulting in xylem embolism, especially under drought
conditions, on the basis of the air-seeding hypothesis. Xylem embolism
can spread leading in extensive water transport blockage and,
ultimately, in hydraulic failure and mortality. The vulnerability of
species to embolism formation can be evaluated by the species-specific
P50 values (the water potential at which xylem loses 50% of its total
conductivity). Species with lower P50 value (more negative) are less
vulnerable to xylem embolism and they can operate hydraulically under
more negative soil water potentials (drier soils). However, plants
operate near critical thresholds of their hydraulic dysfunctions,
especially angiosperms. For this reason, it is expected that plants have
developed mechanisms to recover hydraulic functionality after
embolism formation. However, the actual mechanism of embolism
recovery has not yet been provided. According to the theory of
Zwieniecki & Holbrook (2009), embolism recovery is a metabolic
process according to which sugars accumulate in the embolised
conduits attracting water from parenchyma cells and/or phloem. We
hypothesized that (i) in case of the existence of this mechanism, there
should be a link between the species’ ability to recover from high
percentage loss of conductivity and the amount of parenchyma in the
wood, and (ii) phloem may have an important role in this mechanism
because can act as source of water and solutes.

Materials and methods

We performed experiments on 12 angiosperm species (Table 1)
growing in the Mediterranean region. The species were characterized
by different: a) xylem embolism vulnerability, as estimated by species-
specific P50 values (= xylem tension inducing a Percentage Loss of
hydraulic Conductivity, PLC = 50%, ranging between — 0.9 and — 4.6
MPa), and b) total wood parenchyma fraction (RAP, ranging between
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13.7 and 28.6 %) (Table 1). In order to
avoid possible excision artefacts during
hydraulic measurements, branches at
least 2 times longer than the species-
specific maximum vessel length (MVL)
were collected and bench dehydrated.
Before hydraulic measurements, the
basal end of the branches was immerged
into a water-filled tray and cut several
times from the base under water, until
obtaining subsamples shorter than the
MVL. This experimental procedure
allowed avoiding spurious embolism in
terminal shoot during dehydration, as
well as to reconnect xylem with water
and relax xylem tension before
hydraulic measurements. A subset of
these  samples was  measured
immediately to estimate the initial PLC
and another subset was maintained with
the basal end in water for 1h before re-
measuring PLC to estimate the ability
for embolism recovery. Measurements
were performed in both intact and
girdled samples (with the phloem
removed), and a xylem recovery index
was calculated (4PLC = PLC initial -
PLC after 1 h rehydration) to test the
potential embolism repair ability.

Table 1. Name of species, family,
abbreviations (Abbr), xylem pressure values
inducing ~50% loss of xylem hydraulic
conductivity (P50), mean values of
maximum vessel length (MVL, n = 3) and
the percentage of wood parenchyma cells
(RAP, n = 3).
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We also obtained radial and transverse wood micro sections and
analysed some of the xylem’s anatomical characteristics of the
branches, i.e. the % axial parenchyma (PAx), the % radial parenchyma
(PAR), and the area of the pith (Apith). Then we estimated the % total
parenchyma volume (PAror = PAa + PAg + Apith).

Results and discussion

We found a significant relationship between the recovery ability
(4PLC) and the area of the pith (Apith) (Figure 1) and also a significant
relationship between the APLC the amount of total parenchyma (R? =
0.60; P < 0.05). These results indicate that parenchyma cells, and thus
the amount of non-structural carbohydrates may have an important role
in the hydraulic recovery process of the branches. In total 8 out of 12
species decreased significantly PLC within one hour in the water
(Figure 2). In addition, when comparing the intact and girdled branches,
we saw that girdled branches did not significantly decrease their PLC
after one hour of rehydration (Figure 2). This suggests that also phloem
has a role in the xylem embolism repair mechanism.
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Figure 1. Relationship between recovery ability (4PLC) of the branches and
pith area (Apith). Regression lines (dotted lines) and related B coefficients
values are reported. Significance level: *P < 0.05.
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Figure 2. Mean values + SEM of the percentage loss of hydraulic conductivity
(PLC) as recorded in relaxed samples (R), in R samples after 1 h rehydration
(R1p), in girdled samples (RG), and in RG samples after 1 h rehydration (Rg1n).
Different letters indicate significant differences from Tukey’s pairwise
comparisons or t-test (n > 6).

The measurements and results shown in this chapter is only part of this study.
For the whole study:

Trifilo, P., Kiorapostolou, N., Petruzzellis, F., Vitti, S., Petit, G., Gullo, M. A.
L., ... & Casolo, V. (2019). Hydraulic recovery from xylem embolism in excised
branches of twelve woody species: Relationships with parenchyma cells and
non-structural carbohydrates. Plant Physiology and Biochemistry, 139, 513-
520.
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2.Xylem parenchyma fraction and cell characteristics in three
Fagaceae species along an environmental gradient in water
availability

Introduction

Parenchyma cells within the xylem of woody plants play an important
role in the storage of non-structural carbohydrates (NSC) (Plavcova et
al. 2016) since stored NSC are responsible for plant maintenance and
growth (Plavcova et al. 2016) and possibly have a role in embolism
recovery (Zwieniecki and Holbrook 2009). However, they do have
energy costs for maintenance since they are living cells (De Vries
1975). Therefore, the amount of parenchyma within wood, but also
phloem are expected to affect the plant carbon balance.

We studied the fraction of xylem axial and radial parenchyma and the
axial and radial parenchyma cell size and density along gradients in
water availability in twenty-seven populations of three Fagaceae
species. We hypothesized that trees from the same species that thrive
under differing water availability conditions and that different species
show differences in parenchyma cell production (size and density) and
in parenchyma fraction. We expected that more vulnerable to embolism
species might need a higher parenchyma fraction, larger parenchyma
cells or denser for maintenance and embolism recovery under dry than
under wet conditions, while species with a safer hydraulic system will
not alter their parenchyma traits under conditions limiting carbon
uptake in order to keep low costs of maintenance.

Materials and methods

Branch material

Branch samples from three species (Fagus sylvatica, Quercus humilis,
Quercus ilex) were collected from 36 (nine per species) populations in
the region of Catalonia (NE Spain). For each species, the populations
were divided in dry, medium, and wet based on their water availability
index. This index was calculated as the ratio of precipitation over
potential evapotranspiration (P/PET) of the spring and summer months
of the years 1951-2010 according to the Hargreaves-Samani method
(Hargreaves and Samani 1982) with dry plots having a P/PET< 33
percentile, medium plots having 33<P/PET<66 and wet plots having
P/PET> 66 percentile. Three individuals per population were used in
this parenchyma analysis (n=81). We did cell and tissue measurements
on stained micro-sections that were made at 60 cm from the branch
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apex. Images were analysed on ImageJ version 2.0.0 (Schneider et al.
2012). For each image, an area of approximately 0.5 mm? was selected
within the intact tissues (i.e., tissues not affected by artificial cracks
caused by cutting) of the 2-3 latest xylem rings (i.e., most current
growth) herewith avoiding compression wood when possible.

Estimation of parenchyma fraction

On each image the areas occupied by parenchyma cells were outlined
manually. The fractions of axial and radial parenchyma were measured
as sum of outlined areas per total area of the analysed image. The total
parenchyma fraction was calculated as the sum of axial and radial
parenchyma fractions.

Parenchyma cell area and density

Two diameters (a - height and b - width) were measured in
approximately 50-60 axial and 25 radial cells per image (n=81). Cell
area was calculated as elliptic shape (area = pi*a*b) and the average
of all cells per individual tree was calculated after log- transformation.
In addition, in a small section of the image of approximately 0.02-0.05
um?, the axial and radial parenchyma cells were counted to calculate
cell axial and radial cell density as number of cells per analysed area.

Data analysis

Before averages per tree and per plot were calculated, square root and
natural logarithm transformations were performed for percentages and
natural numbers respectively to meet the assumptions of normality and
homoscedasticity. We used Spearman’s correlations to test for
relationships between the measured variables. Furthermore, to test for
effects of the water availability gradient on the parenchyma traits we
used type I regressions (Im in R) with as y-variables the measured traits
(axial, radial and total parenchyma fractions, axial and radial cell area,
axial and radial cell density) and as x-variable the P/PET values for
spring and summer. One way ANOVA with Tukey post-hoc test was
performed to test for differences in the parenchyma traits across species
and conditions. Graphs, calculations and statistics were done in R
version 3.4.2 (R Core Team 2017).

Results and discussion
Axial and radial parenchyma fractions were negatively correlated to
each other (Table 1). Similar results were found also for axial cell area
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and radial cell area, as well as for axial cell density and radial cell
density (Table 1). These results suggest that the studied species arrange
the available space within the xylem as such that NSC can be stored
while leaving enough space for water transporting cells supporting leaf
evapotranspiration (conduits) and cells for mechanical support (fibers).
Opposite to our expectations, P/PET was not significantly related to the
parenchyma fractions neither to the size or density of the parenchyma
cells (Figure 1a and 1b; only results for total parenchyma shown). These
results suggest that species do not adjust their xylem parenchyma
fractions or cell traits to the local water availability conditions. This
might indicate that the studied species do not invest in parenchyma cells
under drier conditions probably because they are not in a need of more
parenchyma to support maintenance or to recover embolised vessels,
but instead they maintain their carbon balance by keeping a low amount
of cells having high carbon costs.

Table 1. Spearman’s correlation coefficients between the different
parenchyma traits at population level: axial parenchyma fraction (%axial),
radial parenchyma fraction (%radial), total parenchyma fraction (%total), axial
parenchyma cell density (CDax), radial parenchyma cell density (CDrad),
axial parenchyma cell area (CAax), radial parenchyma cell area (CArad). * P
<0.05, ** P <0.01, *** P < 0.001.

%oradial 9%ototal CDax CDrad CAax CArad

%oaxial -0.71***  0.47 ** 0.86***  -0.40**  (0.85*** -0.51**
%radial 0.27* -0.66***  0.42** -0.56***  (.72***
%total 0.30* -0.055 0.41* 0.16
CDax -0.28* 0.72%** -0.60***
CDrad -0.55***  (0.096
CAax -0.18
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Figure 1. (a) Total parenchyma fraction (%) against the precipitation over
potential evapotranspiration ratio of the spring and summer months
(P/PET _spring_summer) for the 36 studied population. Shapes: open circles =
dry conditions, crossed circles = medium conditions, solid circles = wet
conditions. Colours: yellow = F. sylvatica, purple = Q. humilis, cyan = Q. ilex.
(b) Total parenchyma fraction (%) in different species and conditions. Species
: 1 =F. sylvatica, 2 = Q. humilis, 3 = Q. ilex. Colours: very light blue = dry,
light blue = medium, dark blue = wet. Letters show the results of the Tukey
post-hoc tests. Upper line letters show a comparison between species. Lower
line letters show a comparison within species across the different sites. Similar
letters mean no significant differences.

This work frames within the PHLOEMAP project (EU Horizon 2020
Programme — Marie Skfodowska-Curie individual fellowship — No 659191)
lead by Dr. Elisabeth M.R. Robert and Prof. Dr. Jordi Martinez Vilalta of the
Centre for Ecological Research and Forestry Applications (CREAF) in
Barcelona, Spain.
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3.Differences and similarities in the xylem anatomy of alive and
dead Pinus nigra

Short introduction

Severe droughts affect the survival of tree species, especially when they
occur during the growing season. After a drought occurred in 2012 in
the Karst region of Trieste (ltaly), individuals of the Pinus nigra
population started defoliating and dying. However, other individuals
growing very close to the dying trees are vigorous. We expected that
there are xylem anatomical differences between the two groups of trees
(dead vs. vigorous) that would allow us to understand the reason of
mortality.

Materials and methods

Stem segments from two trees (one dead and one alive) of similar height
and age were collected at different distances from the stem apex for the
whole axial profile. Transverse micro-sections were obtained at 12 um
using a rotary microtome LEICA RM 2245 (Leica Biosystems,
Nussloch, Germany), stained with safranin 1% in distilled water, and
permanently fixed on glass slides with Eukitt (BiOptica, Milan, Italy).
Images were acquired at 100x magnification using a D-sight slide
scanner (Menarini Group, Florence, Italy). The images were analysed
in ROXAS v 3.0.139 for the automatic measurements of the hydraulic
diameter (Dh) and ring area (RA). For the apical 1 m we also calculated
the Cell Wall Thickness (CWT). We tested if there are differences in
the allometric scaling of Dh against the distance from the tree apex
(Dap), and of CWT against Dap between dead and alive trees.

Results and discussion

Both dead and alive trees showed an increasing tracheid hydraulic
diameter (Dh) with increasing distance from the stem apex (Dap)
(Figure 1). The allometric constants of the relationship did not differ
significantly between the dead and alive tree (Figure 1). However, the
exponent (b) of the relationship was significantly different between the
two trees (Figure 1). When looking only at the apical 1 m, we found
that the dead tree had narrower and thicker tracheids (Figure 2a and 2b)
than the alive tree, and steeper slopes in both relationships. Our results
suggest that the alive tree produced wider tracheids near the transpiring
tissue to maintain an efficient water transportation to sustain

transpiration at a low cost of carbon (thinner conduits). Furthermore,
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our results demonstrate that wood anatomy is quite rigid between the
two trees and conduits are widening from the stem apex downwards.
These results are somehow in contrast to the results of the Chapter 6 of
this thesis. As described in Chapter 6, declining Pinus sylvestris trees
produced wider xylem and phloem cells near the stem apex in order to
survive. Contrary, in this subchapter, Pinus nigra alive tree had wider
and thinner tracheids and not the dead tree.

1.6

Logl10 (Dh) (um)

0
Log 10(Dap) (m)

Figure 1: The hydraulic diameter (Dh) against the distance from the stem apex
in dead (black color) and alive (gray color) P. nigra trees.
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Figure 2: (a) Apical tracheid hydraulic diameter (Dh) against the distance
from the stem apex (Dap) in dead (black) and alive (gray) P. nigra. (b) Apical
tracheid cell wall thichness (CWT) against the distance from the stem apex
(Dap) in dead (black) and alive (gray) P. nigra for the apical part.

These results belong to an individual study conducted in our group.
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Ongoing climatic changes impose limitations to tree growth and affect
tree vigor. In this thesis, several independent studies were presented
aiming to investigate how trees respond under different environmental
conditions. The research questions answered in this thesis were related
to the xylem and phloem anatomical traits and the allocation of biomass
at the intraspecific level, the interspecific level and between
declining/dead and non-declining/alive trees.

A positive carbon balance is crucial for tree survival. Under dry
conditions trees have lower growth rates since the necessary resources
are limited (e.g. Weemstra et al. 2013). These reduced growth rates
allow for less carbon costs possibly being significant in the maintenance
of the carbon balance since the stomata are open for a shorter period
reaching the minimum leaf water potential earlier during the day.

In Chapter 2, we showed that T. platyphyllos - a relatively anisohydric
species that maintains transpiration even under lower soil water
potentials - produced less biomass with decreasing soil water
availability. Nevertheless, under the same study, the relatively
isohydric P. sylvestris produced a higher leaf biomass for a given
amount of stem and branch biomass to compensate for the reduced time
of stomata opening by having more needles and thus an efficient carbon
uptake.

The maintenance of a positive carbon balance is linked to an efficient
carbon uptake. Trees in order to sustain transpiration need an efficient
water transport from roots to leaves; however, water transport
efficiency is reduced under drought. According to the results of the
Chapters 3, 6, and 7 included in this thesis, trees produce wider xylem
cells near the stem apex under drier conditions to compensate for the
reduced efficiencies at a relatively low cost of carbon for cell
production. To produce more narrower and thicker cells costs more than
producing fewer wider and thinner cells. These results were in contrast
to earlier studies demonstrating that trees produce narrower conduits
(and thus safer in terms of embolism vulnerability) in dry conditions to
maintain a safe transport system (e.g. von Arx et al. 2012; Pfautsch et
al. 2016). However, these studies did not look at the axial scaling of
plant traits. Our results suggest that a few wider conduits near the stem
apex, would allow for an efficient water transport to sustain
transpiration at a reduced cost of carbon for cell production.

Plant carbon balance also depends on the transportation of sugars from
the sources to the sinks. Dry conditions impose also limitations to sugar
transportation since the phloem viscosity is higher. Therefore, it could
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be expected that a higher phloem conductivity would be needed to
transfer efficiently the necessary amount of sugars at a given time under
drought. Indeed, in Chapter 3 of this thesis, Fraxinus ornus trees
produced wider phloem sieve elements when growing at sites with
lower soil water availability to compensate for the higher phloem
viscosity.

Similar adjustments were also found as survival strategies in declining
Pinus sylvestris trees that produced more efficient xylem and phloem
(Chapter 6), and in the vigorous Pinus nigra tree when compared to a
dead one (Chapter 7). Briefly, our results demonstrate that under drier
conditions, when the resources are limited, the only way for a tree to
survive might be to produce more efficient water transport system at a
reduced cost of carbon for production, even if this decreases the
hydraulic safety risking for a higher vulnerability to embolism
formation.

Since plants operate close to their limits of hydraulic functionality,
supposedly they can recover embolised conduits. In Chapter 4, a link
between parenchyma fraction and wvulnerability to embolism in
angiosperms were presented, suggesting that parenchyma has a role in
the embolism recovery process. In Chapter 7, the ability of angiosperm
branches to recover from 50% loss of conductivity was subsequently
tested and was linked to their parenchyma fraction, as well as the
presence of the phloem. Possibly species prioritize in hydraulic
efficiency since they are able to risk for embolism vulnerability as they
can recover the embolised conduits.

Additionally, the scaling relationships in all related chapters showed
that cell widening is quite rigid across different levels of soil water
availability. The scaling exponents where similar to those reported in
previous literature (Anfodillo et al. 2013). Considering conduit
widening, in Chapter 5 it is shown that the most of the plant’s hydraulic
resistance is concentrated in the leaves, where the water potentials are
highly negative, maintaining a quite safe water transport near the
transpiring leaves, while the water status of the stem depends on soil
conditions.

Concisely, according to the results of the studies presented in this thesis,
trees invest in biomass according to their needs and adjust their
anatomical characteristics to maintain the efficiency of the transport
systems. However, the allometric relationships between traits are very
similar across different conditions. This thesis provides valuable input
to our current understanding of tree growth responses to droughts and
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particularly as regards the tree water and sugar transportations. Future
similar studies are highly recommended especially considering the
axial trends of plant traits.
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Supplementary Figure 1. Stem
and branch mass (SBM, g) against
the distance from the stem apex
(Dap, mm) across the different
sites. Blue colour for wet and
orange for dry sites. Site symbols
are shown in Table 1.
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Supplementary Figure 2. Leaf
mass (LM, g) against the distance
from the stem apex (Dap, mm)
across the different sites. Blue
colour for wet and orange for dry
sites. Site symbols are shown in
Table 1.
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Supplementary Figure 5. (a) Vulnerability to embolism (P50) against the
Wood Density (WD) for angiosperms of our dataset in light cyan and global
dataset in dark cyan color. (b) P50 against the total parenchyma amount
(PAror) for angiosperm of our dataset in light cyan and global dataset in dark
cyan color.
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Supplementary Figure 6. (a) Wood Density (WD) against the Conduit
Density (CD) for angiosperm species. (b) Wood Density (WD) against Mean
Conduit Area (MCA) for angiosperm species. (c) Conduit Density (CD) against
the Mean Conduit Area (MCA) for angiosperms in light cyan and
gymnosperms in dark purple. The black line represents the xylem packing.
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Figure 2. Transverse micro section of Fraxinus
ornus focused on the phloem.

Figure 1. Transverse micro section of Fraxinus ornus.
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Figure 2. Tangential micro section of Olea europaea.
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Figure 1. Left: Leaf micro section of Fagus sylvatica.
Right: Leaf microsection of Acer pseudoplatanus.

Figure 2. Needle micro section of Picea abies.
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Figure 1. Transverse micro sections of 12 angiosperm species in Messina,
Sicily. Scale bars at 100 um.
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