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Abstrakt v ¢estiné: Tato habilitacni prace ma za cil prispét k lepSimu porozumeéni vztaha
mezi strukturou a funkci xylému dfevin. Zahrnuty jsou dvé oblasti vyzkumu. Prvni oblast se
vénuje funkcni anatomii radialniho (paprscitého) a axidlniho parenchymu. Studuje, jak se
frakce radialniho a axialniho parenchymu li$i mezi dfevinami na klimatickém gradientu a jak
tato frakce souvisi s koncentraci nestrukturalnich sacharidi. Studovana je i ultrastruktura
teCek spojujicich parenchymatické buiiky s cévami. Analyzovan je trede-off vztah mezi
transportni, zasobni a mechanickou funkci v xylému dievin. Diskutovan je fakt, ze zdsobni
funkci v xylému mohou u mnohych druhti dfevin vykonéavat misto parenchymu ziva
xylémova vldkna. Druhou oblasti zajmu této habilitacni prace je biologie dfeva ovocnych
stromi. Konkrétné se zaméfuji na lepsi porozuméni mechanismi kontrolujicich vigorositu
rustu stromil na rtiznych podnozich, které souviseji s vodnim a uhlikovym rezimem drevin.
Zahrnuta je i studie o vlivu zavlahy na vodni rezim jabloni.



Abstract in english: This habilitation thesis aims at gaining a better understanding of
relationships between structure and function in wood of trees. The thesis covers two areas of
research focus. The first area is devoted to the functional anatomy of ray and axial
parenchyma. It investigates how the fraction of ray and axial parenchyma differs among trees
along a climate gradient and how the fraction relates to the concentration of non-structural
carbohydrates. I also examines the ultrastructure of the pits connecting parenchyma cells with
vessels. Analysis of trade-offs between transport, storage and mechanical function is also
included. I also discuss that storage function in many tree species is facilitated by living
fibers instead of axial parenchyma. The second area of research covered in this habilitation
thesis is the functional biology of wood in fruit trees. More specifically, I focus on gaining a
better understanding of rootstock-induced mechanisms of growth vigour control, which is
linked to water and carbon relations of trees. Included is also a study on the effect of
irrigation on water relations of apple trees.
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2. Main goals and significance

This habilitation thesis is focused on exploring structure-functional relationships in wood in
two main contexts. First, the thesis examines ray and axial parenchyma (six publications on
this topic) which is a wood component that has not been widely studied up to recently. In
fact, our global meta-analysis of ray and axial parenchyma fractions (Morris et al. 2016) and
the follow up studies (Plavcova et al. 2016; Jupa et al. 2016; Morris et al. 2018) have been
important contributions in this respect. Second, we utilized methods of functional wood
anatomy and plant physiology to better understand growth performance of fruit trees on size-
controlling rootstocks (four publications on this topic) and we also used these methods to
evaluate fruit tree performance under irrigation (one publications on this topic). The thesis
contains seven first author publications, one with shared first co-authorship and two
publications as a senior author (i.e., eleven publications in total). Overall, the research
presented in this thesis fells in the realm of plant ecophysiology, focusing mainly on water
and carbon relations of trees.

3. Introduction

3.1 Anatomical structure of wood

Wood is a secondary xylem produced by secondary meristem, the cambium. Bulk wood
consists mostly of dead cells (vessel elements and imperforated tracheary elements). Vessel
elements are wide cells which underwent rapid cell expansion in the cambial zone and have
perforated end walls (hence, they are sometimes termed perforate tracheary elements). Vessel
elements align to each other vertically, ultimately forming a hollow tube — the vessel. When
viewed on a transversal section, vessels can be solitary or grouped. Across tree species they
differ in their diameter ranging typically from 10 to 130 pm (Hacke et al. 2017). Imperforate
tracheary elements (ITEs) are a group of axially elongated spindle-shaped cells that include
tracheids, fiber-tracheids and libriform fibers (Olson 2023). ITEs typically represent the
majority of wood volume and hence are referred to as background tissue. ITEs (and libriform
fibers specifically) often have thick lignified secondary cell wall and are an important
determinant of wood density.

Sapwood of trees also contains living cells which are arranged in two subsystems - ray
(radial) and axial parenchyma. Rays consists of parenchyma cells that are radially oriented
spanning from the xylem through the cambium to the phloem. Rays can be unicellular or
multicellular if they are formed by one or more radial rows of cells. Based on the shape of
individual ray cells, rays can be distinguished between homogeneous and heterogeneous.
While homogenous rays are composed of only procumbent (i.e., radially elongated) cells,
heterogeneous rays contain procumbent, square (i.e., isodiametric) and upright (i.e., axially
elongated) cells (Kribs 1935). Axial parenchyma consists of axially elongated rectangular
parenchyma cells, which are often joined to form a vertically running strand. Axial
parenchyma often surrounds the vessels and such arrangements are termed paratracheal. In
contrast, arrangements without a direct association to vessels are referred to as apotracheal.
Within paratracheal arrangements, we can distinguish several subcategories. Thus,
paratracheal arrangements can be subdivided into scanty, vasicentric, aliform and confluent
reflecting the gradient of increasing axial parenchyma abundance and tangential connectivity.
Apotracheal parenchyma can be diffuse, diffuse with aggregates or form tangential bands.

A great anatomical diversity of wood arises as species modulate the relative fraction of the
different cell types, vary the spatial arrangement of these cells and change the cell size and



cell wall thickness. Wood of conifers is simpler than angiosperm wood as it typically consists
of only two cell types — tracheids and ray parenchyma. In contrast to the conifers, the wood
of angiosperms typically consists of four principal cell types — vessel elements, fibers, ray
and axial parenchyma, but it may also contain tracheids and fiber-tracheids. In this thesis, I
will explore the structure and function of angiosperm wood in an ecophysiological context.

3.2 Ecophysiological function of wood

Wood is a multifunctional tissue. The main functions of wood are the long-distance water
transport, mechanical support and storage of carbohydrates and other nutrients. These
functions are seemingly divided among individual cell types. Vessel elements comprise water
conduction pathway, fibers provide mechanical support and radial and axial parenchyma are
mainly involved in the storage and radial transport of water, carbohydrate and nutrients (Van
Bel 1990; Plavcova et al. 2016; Jupa et al. 2016; Kotowska et al. 2020). Due to spatial
constraints (i.e., finite wood volume), the division of labour between individual cell types
should result in trade-off relationships such as the trade-off between water conduction and
storage, storage and mechanical support and water conduction and mechanical support (Pratt
and Jacobsen 2017; Pratt ef al. 2021). However, in reality the three functions are not entirely
separated, but rather interlinked. For instance, some ITEs (tracheids) are involved not only in
mechanical support but also in water transport and can serve as subsidiary water conduction
pathway in addition to vessels (Carlquist 1985; Cai et al. 2014). Also, it has been recognized
that hydraulic function depends on mechanical strength of wood to prevent conduit collapse
under negative pressure and to stabilize mechanically weak pitted endwalls of vessels (Hacke
et al. 2001; Jacobsen et al. 2005). Radial parenchyma does not act only in radial conduction
and storage but also in mechanical strength (Burgert and Eckstein 2001; Burgert et al. 2001).
From these examples it should be clear that the structure-function relationships in wood are
highly complex.

The primary function of xylem is the long-distance water conduction from roots to leaves. In
terrestrial plants, the water transport occurs under tension as explained by the cohesion-
tension theory of sap ascent (Dixon 1914; Steudle 2001). The force uplifting the water is
generated at the evaporative sites in the leaf mesophyll. Pores in the mesophyll cell wall are
tiny and hence, a great suction force is generated that pulls the water column up. Due to the
adhesive and cohesive forces in water, the suction is translated via the xylem all the way to
the root tips, ultimately sucking up water from the soil. Xylem water is therefore under
tension, which is a metastable condition. As xylem tension increases with increasing drought,
the transport in vessels can be interrupted by cavitation. Cavitation is an abrupt transition
from liquid to gas phase and occurs when air is sucked into the conduit via a pore in the pit
membrane. Pits are small opening in the cell wall of vessels and some ITEs. Pits have
peculiar structure consisting of pit membrane that is positioned centrally within a pit chamber
delineated by an overarching secondary cell wall (referred to as a pit boarder). The pit
membrane is composed of enzymatically modified primary cell wall and consists of a mesh
of cellulose, hemicellulose and likely also pectins, although some studies found pectins
restricted only around the outer edge of the membrane (Plavcova and Hacke 2011). The size
of the pore (Dy) causing the cavitation depends on the xylem tension according to the
following formula:
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where AP is a difference between atmospheric and xylem pressure, T is surface tension of
xylem sap and a is the contact angle between sap and pore wall, which is typically assumed
to be zero (i.e., complete wetting). Thus, xylem pressure that causes cavitation is inversely
related to the diameter of the largest pit membrane pore (D;) per vessel (Plavcova et al. 2011)
and this mechanism is known as the rare pit hypothesis. More recently, this traditional view
on the mechanism of drought-induced cavitation has been challenged, highlighting the
complex 3D organization of pit membrane pores (Kaack ez al. 2021) and the presence of
lipid-coated nanobubbles in the transpiration stream (Schenk ez al. 2021), which might be a
more likely source of gas than the air-seeding via a pit pore (Lens et al. 2022).

Cavitation can be caused by drought, but also as a result of freeze-thaw events (Pittermann
and Sperry 2006; Mayr and Sperry 2010; Charra-Vaskou ef al. 2016). Because air is less
soluble in ice than in liquid water, gas bubbles are formed in the frozen sap. These bubbles
can then expand when the sap melts and evaporation occurs. The size of the undissolved
bubble is tightly related to the size of the conduit with bigger and more easily expanding
bubbles being formed in wider conduits (Pittermann and Sperry 2006). Drought- or freeze-
induced cavitation leads to embolism, a situation when vessels are blocked by air bubbles
instead of forming a continuous water column. Xylem pressure at 50% loss of conductivity
(P50) is a common variable describing the vulnerability of plants to drought-induced
cavitation.

Xylem transport efficiency is another important property of xylem and is typically measured
as xylem-area specific hydraulic conductivity (Ks). Ks depends strongly on vessel diameter
with the relationship being modelled by Hagen-Poiseuille equation for a laminar flow:

Ko = nD*
th ™ 128n

where Ky, is a theoretical hydraulic conductivity, D is the conduit diameter, and 7 is the
dynamic viscosity of water (1.002 x 10~ MPa s at 20°C). Thus, according to this equation,
hydraulic conductivity depends on conduit diameter to the fourth power. In other words,
small increase in conduit diameter brings about large increase in hydraulic conductivity. The
real hydraulic conductivity is lower than K because of the resistance of pitted endwalls,
perforation plates and imperfections of vessel inner walls.

Plant transpiration (E) is closely related to soil-plant hydraulic conductivity (Ks.p) and
pressure difference between soil and the plant (A¥) according to the following equation:

E = K;_pA¥

Across longer timescales, whole-tree water loss is affected by changes in leaf area due to new
leaves emergence or leaf shedding (Wolfe ef al. 2016; Nadal-Sala ef al. 2021). Across shorter
timescales, transpiration rate is regulated by stomatal closure to maintain xylem pressure
above the cavitation threshold (Sperry 2000; Rodriguez-Dominguez et al. 2016).
Nevertheless, environmental conditions sometimes cause the plants to cross the critical
threshold and cavitate, which leads to severe damage to the plant hydraulic integrity or even a
plant death (Anderegg et al. 2013). This process has important implications for trees
performance and survival under drought and have been implicated as a major factor of global
tree mortality (McDowell et al. 2008; Hartmann et al. 2018).

Stomatal closure also provides a link between plant water relations, photosynthesis and
carbon balance (Meinzer et al. 2009; Sala et al. 2012). If stomates are closed (e.g., due to
drought), carbon dioxide (CO>), the main substrate for photosynthesis, cannot diffuse into the



leaf and to the sites of carboxylation. The plant than uses its internal carbon reserves stored in
the form of non-structural carbohydrates (NSC) that are further divided into insoluble starch
and soluble sugars (mainly sucrose, glucose, fructose). Thus, the plant under prolonged
drought stress is facing a dilemma whether to die of desiccation or carbon starvation
(McDowell et al. 2008).

Due to its large biomass, sapwood provides a large storage pool for NSC with the NSC being
deposited mainly in ray and axial parenchyma (RAP) (Plavcova et al. 2016). Branch wood is
typically the most dynamic NSC storage pool because of its close proximity to the source
leaves (Hoch et al. 2003; Furze et al. 2019). Trunk wood is less dynamic and there is a
decreasing gradient in NSC concentration with increasing sapwood depth (Furze ef al. 2020).
Great proportion of NSC is stored in roots that typically have more ray and axial parenchyma
compared to the aboveground organs (Loescher et al. 1990; Plavcova et al. 2016). Besides
NSC, wood stores also inorganic nutrients with the fraction of parenchyma in sapwood being
correlated with sapwood nitrogen concentration but not with the concentration of other
inorganic nutrients (Kotowska et al. 2020). Wood can also store large amount of water (Jupa
et al. 2016; Zieminska et al. 2020), which may be released into the transpiration stream at
time of high water demands and when soil water uptake is not sufficient (Borchert and
Pockman 2005). Water can be stored in capillary spaces such as narrow fiber tips, as elastic
stores in living parenchyma cells (i.e., wood and bark parenchyma) or in vessels from which
water can be released by cavitation (Tyree and Yang 1990; Holttd et al. 2009; Jupa et al.
2016; Zieminska et al. 2020).

Wood is also a strong carbon sink and wood growth is an important process at a plant as well
as an ecosystem level (Chambers et al. 2001; Falster and Westoby 2005). High mechanical
strength of wood allows for the development of tall tree bodies, which provide advantage in
the competition for light. Mechanical properties of wood are also of practical meaning in
wood processing industry (Panshin and de Zeeuw 1980). Wood growth and mechanical
properties are closely linked to wood density with lower growth rates and mechanically
stronger wood having higher wood density (Niklas 1993; Chave et al. 2009; Niklas and Spatz
2010). On the other hand, dense wood represents high construction costs for the tree (Eller et
al. 2018).

Taken together, wood fulfils several important functions in plants. Its role in long-distance
water transport is presumably the most prominent one and also the one that received the most
attention by researchers. However, additional functions such as storage of carbohydrates,
water and nutrients also have important consequences for tree’s growth and survival and
should be studied in association with the corresponding structural features.

4. Main results
4.1 Structure and function of ray and axial parenchyma

Most studies on xylem structure and function so far have focused on dead xylem conduits and
their role in long-distance water transport (e.g., Hacke and Sperry 2001). In these studies,
wider vessel diameter has been linked to a higher xylem-specific hydraulic conductivity as a
measure of hydraulic efficiency. Similarly, the structural variation of inter-vessel pit
membranes has been related to the xylem vulnerability to embolism (Choat et al. 2008).
Much less attention has been given to the structure and function of ray and axial parenchyma,
despite their great anatomical variation across species. Thus, our research has addressed the
following questions:



1) What is the current state of knowledge of the role of xylem parenchyma in the
storage and utilization of carbohydrates?

2) What is the range of ray and axial parenchyma fractions across species and do the
fractions differ across a climatic gradient?

3) Do the fractions of ray and axial parenchyma directly influence the
concentrations of non-structural carbohydrates in woody organs?

4) What are the distinct anatomical features of vessel-associated parenchyma cells?
5) Do fractions of ray and axial parenchyma affect wood mechanical strength? Are
there trade-offs among the hydraulic, mechanical and storage functions?

6) Is parenchyma the sole site of storage in wood?

(1) What is the current state of knowledge of the role of xylem parenchyma in the storage
and utilization of carbohydrates?

To answer this question, we conducted a thorough literature review (Publication 1). We
concluded that ray and axial parenchyma of temperate trees often contain large amount of
starch particularly at the onset of winter dormancy. In tropical trees, the starch granules in
wood parenchyma are less abundant as species contain carbohydrates in the form of soluble
sugars. From the whole plant perspective, wood NSC represent an important storage pool
because of the large wood biomass. Terminal branches of trees typically have higher NSC
concentrations compared to the trunk sapwood, and their NSC concentrations are also more
dynamic over the growing season. The seasonal dynamics has been most widely studied in
temperate trees. In these trees, the concentration of NSC is lowest during or shortly after
budbreak when NSC stores are mobilized to support leaf flushing. Then, the concentration of
starch increases during the vegetation season to reach the highest values in fall. In winter,
starch can be hydrolysed to soluble sugars to protect the symplast of living cells against a
freeze-induced damage. The mobilization of starch reserves into soluble sugars is facilitated
by a large array of carbohydrate-modifying enzymes (e.g., amylases, glucosidases,
phosphotransferases, sucrose synthase). The movement of sugars between cells is facilitated
by various transporters that have been localized in the plasma membrane adjacent to the
parenchyma-conduit pits. Between parenchyma cells the sugars and other compounds can
move via plasmodesmata that penetrate the pit membrane. The dynamics of carbohydrates
has important implications for the whole plant processes (Figure 1) such as for the long-term
storage, refilling of embolised conduits, osmotic adjustment, freezing protection, defence
against pathogen and wound response.
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Figure 1: Schematic representation of various functions that starch and soluble sugars fulfill

in sapwood.

(2) What is the range of ray and axial parenchyma fractions across species and do the
fractions differ across a climatic gradient?

To answer this question, we gathered data on ray and axial parenchyma fractions from more
than 30 literature sources in addition to our own measurements (Publication 2). In total, data

for more than 1200 plant species were acquired and analysed. We documented 29-fold
variation in ray and axial parenchyma fractions across species. First, we compared ray and
axial parenchyma fractions among woody plant groups and growth form categories
(gymnosperm tree, angiosperm tree, climber, succulent). We found that the highest ray and

axial parenchyma fractions were found in succulents (~60%) followed by climbers (~60%).

The lowest fractions were in gymnosperms (~10%). In angiosperm trees, tropical trees had
significantly higher ray and axial parenchyma fractions than temperate and subtropical
species. These results were paralleled by the relationships of ray and axial parenchyma
fractions with two main climate parameters - the mean annual temperature and the mean
annual precipitation (Figure 2). The results are discussed in relation to various potential
functions of ray and axial parenchyma in storage of water, carbohydrates and nutrients,
defence against pathogens, embolism refilling. However, it remains to be resolved which
function takes precedence in any given situation.

11
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Figure 2: The effect of (a) mean annual temperature (MAT) and (b) mean annual
precipitation (MAP) and the fractions or ray and axial parenchyma in angiosperm wood
based on a general additive model with a binomial distribution.

(3) Do the fractions of ray and axial parenchyma directly influence the concentrations of
non-structural carbohydrates in woody organs?

To answer this question, we sampled roots and shoots of twelve temperate and four tropical
tree species and measured ray and axial parenchyma fractions together with the concentration
of NSC at the onset of winter dormancy (Publication 3). Across species, we found
significantly higher concentrations of NSC in roots compared to stems, highlighting the
importance of belowground woody organs for the overall NSC storage pool. The roots
typically also had higher ray and axial parenchyma fractions than stems. Wood of two species
(Clematis vitalba and Acer pseudoplatanus) contained large fractions of living fibers. The
topical tree species had relatively high ray and axial parenchyma fractions, but low
concentrations of NSC. Overall, there was a close correlation between ray and axial
parenchyma fractions and concentration of NSC across the twelve temperate species and two
organs (Figure 3). These findings suggest that the fraction of parenchyma is a good proxy for
the maximal NSC storage capacity and expand the number of identified structure-functional
relationships in wood.

12



root + stem:rZ=0. 64***
] root: r“=0.51*
400 stem: 2 = 0.61 ./-\p
® root
_— 4] © stem
o 300 Pa
o
£
® 200
O
(D)
Z
100
O -

T T T T |
10 20 30 40 50

RAP + LFs (% a.)

Figure 3: Close correlation between the fraction of ray and axial parenchyma (RAP)
including living fibers (LF) and the concentration of non-structural carbohydrates (NSCs) in
roots and stems or twelve temperate tree species.

(4) What are the distinct anatomical features of vessel-associated parenchyma cells?

To answer this question, we reviewed our current understanding of vessel-associated cells
(VACs) focusing primarily on their unique structural features. Furthermore, we
complemented the review with our own microphotographs of VACs (publication 4). VACs
are parenchyma cells in a direct contact with vessels. These cells have a number of highly
specialized traits that distinguish them from vessel-distant parenchyma cells and imply highly
specialized functions due to their unique position as the boundary between the symplast and
the apoplast (Figure 4). In contrast to vessel-distant cells, VACs are small with large nuclei,
plentiful mitochondria, dense cytoplasm, many ribosomes, typically small vacuoles, and a
well-developed endoplasmic reticulum. They typically contain less starch granules than the
vessel-distant cells. VACs show hight H'-ATPase activity and abundant aquaporins are
localized within their palsma membrane and the tonoplast. A specialized pecto-cellulosic
layer called the amorphous (or protective) layer lies between the plasma membrane and the
lignified secondary wall. This layer represents a non-lignified extension of the apoplast and
likely functions as a buffer of hydrostatic pressures generated from within the vessels. Pits
interconnecting VACs and vessels are typically half-bordered and rich in pectins. On the
vessel lumen side, the pit membrane is often covered with an electron dense material called
the black cap. These structural features of VACs suggest high metabolic and transport activity
of these cells and indicate that an intensive trafficking of various substances (e.g., water,
sugars, ions) occurs between VACs and vessels facilitating numerous physiological functions.
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Figure 4: Transmission electron micrographs of vessel-associated parenchyma cells and their
half-bordered vessel parenchyma pit membranes in stem xylem (A, C—L) and petiole xylem

(B).

(5) Do fractions of ray and axial parenchyma affect wood mechanical strength? Are there
trade-offs among the hydraulic, mechanical and storage functions?

To answer this question, we measured bending and torsional stiffness of woody roots and
shoots of nine angiosperm species and analysed the mutual coordination of structural and
functional xylem traits (publication 5). We observed that roots had five times greater
flexibility in bending and two times greater flexibility in torsion than stems. Lower values of
structural bending and structural torsional moduli of roots compared with stems were linked
with the presence of thicker bark and a greater size of xylem cells. Higher fractions of
parenchyma were not associated with a lower wood density and reduced mechanical stiffness
in spite of parenchyma cells having thinner cell walls compared with fibres. The only liana
species studied Clematis vitalba had wide partially non-lignified rays which likely
contributed to its high flexibility in bending and torsion. Taken together, our findings show
that higher demands for mechanical function in self-supporting stems put a major constraint

14



on xylem structure, whereas root xylem can be designed with a greater emphasis on both
storage and hydraulic functions (Figure 5).

¥ ¥ & & Sk

mechanics-hydraulics trade-off

Figure 5: Trade-off triangle showing the relative division of xylem function between
mechanical stiffness (Esi), carbohydrate storage capacity (NSC), and hydraulic conductivity
(Ku) for roots and stems of nine woody angiosperm species.

(6) Is parenchyma the sole site of storage in wood?

To answer this question, we focused our attention on living fibers in the wood of angiosperm
species (publication 6). Living fibers are axially oriented cells that contain nuclei and starch
granules. These cells are surprisingly common in the wood of angiosperms, despite very few
wood ecologists and physiologists are aware of them. Living fibers are often
compartmentalized by septa made of the primary cell wall. As such, they may be incorrectly
regarded as axial parenchyma by the unexperienced researchers. Thus, we rise awareness of
these cells and conclude that living fibers can fulfil storage function in many (especially
tropical and subtropical) species (Figure 6), although little is known about the functional
implications. It seems likely that the presence of living fibers enhances the size of the storage
pool in wood. However, the stored reserves may be less rapidly mobilized because of the
more limited pit connections.
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Figure 6: The presence of living fibers in water-storing trunks of (A,B) Bursera longipes
(Burseraceae) and (C, D) Louteridium koelzii (Acanthaceae).
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4.2 Wood biology and water and carbon relations of fruit trees

The structure and function of wood has important implications for the water and carbon
relations of fruit trees. One example are the mechanisms of rootstock-induced growth vigour
control. Size-controlling rootstocks have been one of the major innovations of high-efficiency
fruit production; however, the exact biological mechanisms responsible for the growth vigour
control remain unclear (Basile and DeJong 2018). Several hypotheses have been proposed
including that the perturbation of tree water status and carbon relations are responsible for the
size-controlling effect. Thus, our research has used apple and pear trees grown in a rootstock
field trial to shed more light on some of those hypotheses. Understanding of xylem function
and tree water relations is also important for efficient irrigation of fruit trees. Therefore, we
also studied xylem hydraulics and tree water status in two apple cultivars under irrigation.
Our research has addressed the following specific questions:

1) Is there a systematic difference in vessel and wood parenchyma traits across the
rootstocks of different size-controlling potential?

2) Do dwarfed apple trees show signs of greater drought stress and more limited trunk
radial growth compared to invigorated trees?

3) Is there a stronger negative covariation between trunk radial growth and fruit yield in
apple trees on dwarfing rootstocks than on invigorating ones?

4) Do trees on dwarfing rootstocks have lower NSC reserves and/or reduced capacity to
mobilize NSC compared to trees on invigorating rootstocks?

5) Does irrigation perturb xylem hydraulic traits and plant water status in two apple tree
cultivars?

(1) Is there a systematic difference in vessel and wood parenchyma traits across the
rootstocks of different size-controlling potential?

To answer this question, we sampled roots and shoots of fifteen scion/rootstock combinations
of apple and pear trees growing in the field trial (publication 7). We prepared xylem cross-
sections and measured wood anatomical traits, namely the vessel size, vessel density and the
fractions of ray and axial parenchyma. We also evaluated the relative fraction of bark to
xylem. The obtained anatomical parameters were correlated with shoot growth vigour and a
susceptibility to alternate bearing. We found that mean vessel diameter of roots was
positively correlated with annual shoot length (Figure 7a). In contrast, total parenchyma
fraction (i.e., bark + ray and axial parenchyma) was negatively related to the alternate bearing
index (Figure 7b). Thus, our findings suggest that a higher xylem hydraulic efficiency might
underpin more vigorous growth, while greater carbohydrate storage capacity might be
associated with less severe alternate bearing behaviour. We also found that the roots of pear
trees were more hydraulically efficient, while the apple tree roots were more specialized in
storage.
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Figure 7: Correlations between (a) the root mean vessel diameter (D) and annual shoot
length (ASL) and between (b) the fraction of total parenchyma and alternate bearing index
(ABI) across fifteen scion/rootstock combinations.

(2) Do dwarfed apple trees show signs of greater drought stress and more limited trunk
radial growth compared to invigorated trees?

To answer this question, we installed dendrometers on dwarfed and invigorated apple trees
and monitored trunk radial variation during one vegetation season (publication 8).
Additionally, we measured midday stem water potential, leaf gas exchange and
concentrations of NSC in branches and roots. We found that smaller annual trunk radial
growth was mainly due to an earlier cessation of trunk secondary growth. Dwarfed trees had
fewer days with positive interdiurnal trunk circumference change especially during hot
summer months. The trunk of dwarfed trees showed less pronounced diurnal variation of
trunk circumference and the maximal daily shrinkage was only weakly responsive to the
vapour pressure deficit (Figure 8). These findings suggest that dwarfed trees might have had
lower turgidity in their cambial zone, which might have limited the trunk radial growth
particularly during hot and dry summer days. Dwarfed trees also maintained lower midday
stem water potential and stomatal conductance compared to invigorated trees and these
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parameters declined in parallel during the drought progression. The concentrations on NSC
were similar in both dwarfed and invigorated trees. Taken together, our results support the
prominent role of water relations in rootstock-induced size-controlling mechanisms.
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Figure 8: (A) Daily trunk circumference variation (TCVp) in dwarfed (J-TE-G) and
invigorated (J-TE-H) rootstock combinations and (B) diurnal time course of the VPD

(3) Is there a stronger negative covariation between trunk radial growth and fruit yield in
apple trees on dwarfing rootstocks than on invigorating ones?

To answer this question, we used four scions (two for apple trees and two for pear trees) to
evaluate the relationship between the annual fruit yield and ring width in trunks, branches and
roots (publication 9). We found that there was a negative relationship between ring width
and annual yield when data were plotted in absolute term (Figure 9a) or as detrended and
normalized indices (Figure 9c). The relationship was stronger in low vigour scion/rootstock
combinations but only for the indices data. In contrast, when trunk radial growth was
expressed as basal area increment, the negative relationship disappeared (Figure 9b). This
finding suggests that the relationship between trunk radial growth and fruit yield might not be
a true trade-off arising due to the competition between the two sinks. The effect of low yield
was associated with increased secondary growth not only in trunks but also in branches and
roots. In trunks, we observed that overcropping was associated with reduced secondary
growth in a subsequent year, possibly due to the depletion of reserves. Taken together, our
results showed that variation in annual fruit yield due to tree ageing, weather cueing and in-
herent alternate bearing behaviour was reflected in the magnitude of secondary growth. We
found little support for the competition/architecture theory of rootstock-induced growth
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vigour control. More broadly, our study aimed at bridging the gap between forest ecology and
horticulture because dendrochronological approach is not commonly used in horticulture.
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Figure 9: Relationships between annual yield and trunk radial growth separated for tree
vigour categories. The data are plotted (A) in absolute terms, (B) as annual yield vs. basal
area increment (BAI), (C) as detrended and normalized yield or ring width indices (YI, RWI)
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(4) Do trees on dwarfing rootstocks have lower NSC reserves and/or reduced capacity to
mobilize NSC compared to trees on invigorating rootstocks?

To answer this question, we measured NSC concentrations in roots, trunks, branches and
leaves of dwarfed and invigorated apple and pear trees (publication 10). These
concentrations were then scaled up to the whole-organ and whole-tree storage pools using the
data on organ’s biomass. We found that NSC pools scaled tightly with the overall tree
biomass with vigorous trees having greater absolute storage pools compared to dwarfing trees
(Figure 10a). In absolute terms, the seasonal fluctuations in NSC pools were also higher in
vigorously growing trees (Figure 10b) but in relative terms and also when scaled by the tree’s
biomass the differences between the low and high vigour trees became negligible (Figure
10c), suggesting that the low and high vigour trees rely on their NSC reserves to a similar
extent during their annual growth cycle. Thus, our results provide no support that the
observed differences in growth vigour are driven by the availability of carbohydrate reserves.
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Figure 10: (a) Mean estimated pool sizes of starch and soluble sugars in May (during spring
flush) and November (during the onset of winter dormancy) in the whole trees of apple tree
var. ’Jonagold’ (J) and pear tree var. ‘Williams’ (W) grafted onto rootstocks inducing low or
high growth vigour. (b) Difference in the estimated pool sizes between November and May in
the four studied scion/rootstock combinations. (c¢) Difference in the estimated pool sizes
scaled by the tree’s biomass. The data are means =SE (n = 3).

(5) Does irrigation perturb plant hydraulic traits and water status in two apple tree
cultivars?

To answer this question, we monitored midday stem water potential and measured xylem
vulnerability to cavitation, turgor loss point, concentrations of organic osmolytes and the
mutual coordination of xylem and leaf areas in two apple cultivars (‘Red Jonaprince’ and
‘Gala Brookfield”) with and without irrigation. We found that the midday stem water
potential did not drop below -1.6MPa during three consecutive seasons, which is well above
the turgor loss point and roughly at the onset of xylem cavitation. Non-irrigated trees had
lower values of midday stem water potential compared to their irrigated counterparts. The
irrigated and non-irrigated trees had similar yields and there was a tendency for smaller fruits
in non-irrigated trees in ‘Gala Brookfield’. The triploid cultivar ‘Red Jonaprince’ had
typically more negative midday stem water potential than the diploid cultivar ‘Gala
Brookfield’, but ‘Gala Brookfield” exhibited higher limitations in fruit growth during drought
and shoot growth during wet periods. In ‘Gala Brookfield’, leaf area scaled with xylem area,
while no coordination of leaf and xylem areas was found in ‘Red Jonaprince’. Overall, our
results suggest that ‘Red Jonaprince’ favours hydraulic efficiency against safety, while ‘Gala
Brookfield” adopts a more conservative growth strategy.
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Figure 11: (a) Daily precipitation and irrigation, (b) reference evapotranspiration (ET0) and
(c) available soil water capacity (ASWC) under non-irrigated (ETc-0) and irrigated (ETc-100)
apple trees of ‘Red Jonaprince’ (J) and ‘Gala Brookfield’ (G) cultivars in years 2019, 2020
and 2021. (d) Relative extension growth rates of shoots (RGR) and (e) midday stem water
potential (Wsem) for non-irrigated (ETc-0) and irrigated (ETc-100) trees of each cultivar are
shown. Points and error bars represent means =+ standard error; n = 16-20 for shoot RGR; n =
4 for Wiem

23



5. Conclusions

This habilitation thesis expands our knowledge of functional wood biology in two main areas.
First, it provides seminal papers on the structure and function of ray and axial parenchyma.
We showed that ray and axial parenchyma fractions are highest in tropical trees as the ray and
axial parenchyma fraction increases with mean annual temperature. We provided a detailed
review of parenchyma role in storage and utilization of non-structural carbohydrates and
showed that parenchyma fractions are directly proportional to the concentration of non-
structural carbohydrates. We looked at the ultrastructure of pits interconnecting parenchyma
cells and vessels. The trade-offs between xylem cell types and their corresponding functions
have been examined. Finally, we highlight that storage function can be facilitated not only by
parenchyma but also by living fibers. Taken together, our papers provided one of the first
detailed accounts on the structure and function of ray and axial parenchyma and have inspired
more research in this field.

The second topic that is presented in this habilitation thesis is the wood biology and its
implications for water and carbon relations in fruit trees. More specifically, several
hypotheses regarding the mechanism of rootstock-induced growth vigour were examined in
apple and pear trees grafted on size-controlling rootstocks. Size-controlling rootstocks are
one of the important innovations in high density orchards, but the mechanisms of how they
influence growth vigour has been poorly understood. Our findings support the role of
perturbed water relations in growth vigour control mechanisms, while they do not support
that it is due to the difference in the carbohydrate content, mobilization rate or allocation. A
good knowledge of xylem biology and water relations is also useful for efficient irrigation.
Stem water potential and stomatal conductance are frequently used plant-based indicators for
irrigation scheduling and hence a better knowledge of these parameters can help improve
irrigation scheduling. We observed slightly different hydraulic parameters between diploid
and triploid apple tree cultivars, suggesting a different needs for irrigation.

6. Future perspectives

The field of functional wood biology combines knowledge and approaches of plant anatomy,
physiology and ecology. As such it provides numerous opportunities for future research.
While our publications on ray and axial parenchyma revealed great anatomical variation
across species, the understating of the functional significance is just at its beginning. More
research is needed from the physiological site to substantiate the role of ray and axial
parenchyma in the storage and utilization of carbohydrates. For instance, studied can focus on
measuring activities of various carbohydrate-modifying enzymes, localizing carbohydrate
transporters or measuring the activity of genes responsible for carbohydrate metabolism.
From the ecological site, investigating ray and axial parenchyma fractions along well-defined
environmental gradients (e.g., temperature, precipitation, nutrients) or in phylogenetically
related taxa (e.g., comparing parenchyma fractions in tropical vs. temperate Fabaceae) or
between ecologically distinct species (e.g., sprouters vs. seeders; deciduous vs. evergreen)
can shed more light on the functional significance of the anatomical variation.

In horticultural setting, there are also immense possibilities for the functional wood biology
to tackle more applied questions as illustrated by our studies on rootstock-induced growth
vigour control mechanism and irrigation. From the practical point of view, the field of
horticulture would benefit from the use of continuously measuring sensors (such as
dendrometers, water potential psychrometers) and remote sensing technologies (e.g.,
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multispectral imaging). However, those novel approaches, which can be more easily upscaled
to large, cultivated orchard areas, should be first calibrated against the traditional methods
(e.g., water potential measurements using Scholander-type pressure chamber, leaf gas
exchange measurements). Also, a good knowledge of water and carbon relations of individual
cultivars can help to optimize cultivar selection and management in the field.
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Chapter 8

The Role of Xylem Parenchyma

in the Storage and Utilization of Nonstructural
Carbohydrates

Lenka Plavcova and Steven Jansen

1 The Structure, Abundance, and Function of Ray
and Axial Parenchyma in Wood

1.1 The Structure of Ray and Axial Parenchyma in Wood

The fact that most of the cells present in mature wood are dead is often highlighted.
Indeed, all xylem conduits (vessels and tracheids) found in the functional sapwood
undergo cell autolysis, forming hollow tubes made of lignified secondary cell wall.
However, cells with a protoplasm are also present in secondary xylem. These cells
are referred to as wood parenchyma because their cell wall is often much thinner
than that of fibers. Depending on their arrangement and orientation with respect to
the main stem axis, parenchyma cells can be divided into two distinct types—radial
(ray) and axial parenchyma.

Ray parenchyma consists of ribbon-like aggregates of cells that are produced by
ray initials, extending radially from the cambial zone in the xylem and phloem.
Xylem rays can be classified depending on their width as uniseriate (Fig. 8.1a—d),
biseriate (Fig. 8.1e), and multiseriate, referring to rays that are one-, two-, or more
cells wide. Rays can also be subdivided according to the dimensions of individual
cells viewed in a radial section. While most of the ray parenchyma cells have their
longest axis oriented radially (procumbent cells), vertically elongated (upright) or
isodiametric (square) cells also occur. Rays comprised exclusively of procumbent
cells are called homocellular, while rays made of more than one parenchyma cell
type are termed heterocellular (Carlquist 2001; Evert 2006). The entire ray system
can consist of a single ray type, but a combination of different ray types commonly
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Fig. 8.1 Diversity in ray and axial parenchyma patterns as viewed in transverse wood sections
stained with safranin and alcian blue. Thick lignified secondary cell walls of fibers and vessels
stain pink, while protoplasts and less extensively lignified cell walls of parenchyma cells
appear blue. All images were taken at the same magnification; a scale bar is shown in (f). (a) A
conifer species (Picea abies) showing the lowest proportion of parenchyma; rays are uniseri-
ate, axial parenchyma is absent, (b) a temperate, diffuse-porous tree (Acer pseudoplatanus)
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occurs. In addition to the ray types described above, other specialized ray systems
such as aggregated and interconnected rays have been identified. Interestingly, a
temporal or permanent absence of rays occurs in the wood of several species
(Barghoorn 1941; Carlquist 1970). Nevertheless, the complete absence of rays is a
rarity restricted to small plants, in which woodiness is not pronounced and has
evolved secondarily (Carlquist 1970).

Axial parenchyma is produced by fusiform cambial initials that undergo trans-
verse divisions, resulting in a parenchyma strand or axial series of two or more
parenchyma cells. In some species, axial parenchyma is absent or sparse. This con-
dition is characteristic of conifers (Fig. 8.1a); however, it can be found in many
angiosperms as well. For instance, sparse axial parenchyma occurs in Populus,
Aesculus, Berberis, Magnolia, and Eucalyptus, to name a few examples. If present,
axial parenchyma can be arranged in different patterns as distinguished in trans-
verse sections (Carlquist 2001; Kribs 1937). Traditionally, axial parenchyma is clas-
sified as apotracheal if it appears distributed without a direct connection to vessels
(Fig. 8.1d), and paratracheal if it is strongly associated with xylem vessels (Fig. 8.1b,
¢). These two basic categories can be further subdivided. For instance, parenchyma
cells can be randomly scattered within the vessels and fibers (diffuse apotracheal
parenchyma), be in contact with vessels but not ensheathing them completely
(scanty paratracheal parenchyma, Fig. 8.1b), form a complete sheath surrounding
vessels (vasicentric paratracheal parenchyma, Fig. 8.1c), or be arranged in distinct
tangential bands (banded parenchyma, Fig. 8.1d, e). In addition, an increased occur-
rence of parenchyma cells at the tree ring boundary is often found in temperate
species and referred to as marginal parenchyma (Fig. 8.1b). Last but not least, wood
of some trees such as Adansonia (Chapotin et al. 2006) or Ceiba (Fig. 8.1f) is
extremely parenchymatous, with axial parenchyma comprising most of the matrix
between vessels and rays. The categorization outline above is useful, but to a certain
extent arbitrary. Thus, intermediary patterns and co-occurrence of more than one
type of axial parenchyma are frequently observed. Besides thin-walled parenchyma
cells, some thick-walled axially oriented cells, which could be hence termed fibers,
also retain living protoplasts (Fahn and Leshem 1963). Axial cells that can be clas-
sified as living fibers rather than parenchyma occur, for instance, in Acer (Fig. 8.1b),

<
<

Fig. 8.1 (continued) and biseriate rays, axial cells that can be, due to their thick secondary cell
wall, classified as living fibers are in a scanty paratracheal and marginal arrangement (arrows),
(c) a tropical dry-deciduous tree (Terminalia catappa) with uniseriate rays and paratracheal vasi-
centric parenchyma, (d) a ring-porous temperate species (Quercus robur) with apotracheal axial
parenchyma arranged in narrow bands and scanty paratracheal parenchyma contacting the vessels,
rays are uniseriate (but multiseriate, up to 30-cells wide rays are common in older stems of this
species), (e) a tropical evergreen tree (Ficus rubiginosa) with uniseriate and biseriate rays and
axial parenchyma arranged in wide bands, (f) a tropical dry-deciduous tree (Ceiba aesculifolia)
showing highly parenchymatous wood composed of multiseriate rays and thin-walled axial paren-
chyma cells. (g) The relative proportion of ray and axial parenchyma cells measured using trans-
verse sections for all six species shown above
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Robinia pseudoacacia (Yamada et al. 2011), or Cactaceae (Mauseth and Plemons-
Rodriguez 1997), although the distinction between these two cell types has often
been neglected. When these cell types are distinguished, it has been hypothesized
that living fibers substitute for, or complement, the function of axial parenchyma
cells (Carlquist 2001; Yamada et al. 2011; Wheeler et al. 2007).

1.2 How Much Ray and Axial Parenchyma Occurs in Wood?

Ray and axial parenchyma cells make up a substantial proportion of all wood cells
(Fig. 8.1g). The volumetric content is hard to measure directly; however, the
proportion of parenchyma cells can be estimated from the area measurements taken
on a transversal or tangential section. In gymnosperms, the total parenchyma pro-
portions are commonly between 5 and 10 % and compose mainly of radial paren-
chyma (Fig. 8.1a). In angiosperms, the total amount or parenchyma ranges typically
between 20 and 40 % (Fig. 8.1b—d); however, values between 40 and 60 % are not
uncommon among tropical angiosperms (Fig. 8.1e). The proportion of ray paren-
chyma is typically around 10-20 %, while the axial parenchyma proportions
between 1 and 30 % are common in angiosperms. The aforementioned numbers
represent values typically encountered in wood (Fig. 8.1g) (Von Frey-Wyssling and
Aeberli 1942; Wagenfiihr 2007; Ruelle et al. 2006; Zieminska et al. 2013); however,
more extreme values also occur. For example, very low ray proportions of around
7 % were reported for two Acacia species (Zieminska et al. 2013), while very high
axial parenchyma proportions of 67 % were measured in Ceiba aesculifolia
(Fig. 8.1f) and several species of the genus Adenia (Hearn 2009).

1.3 The Function of Ray and Axial Parenchyma in the Storage
of Nonstructural Carbohydrates

The function of wood parenchyma in storage is often highlighted and put in contrast
with the main role of vessels in facilitating water conduction and the role of fibers
in providing the mechanical support. Nonstructural carbohydrates (NSC) represent
the most abundant reserves stored in wood parenchyma. The importance of NSC
storage for tree growth and functioning has been known for many decades
(Kozlowski 1992; Kramer and Kozlowski 1979). Recently, this topic has received
renewed attention because the size and the dynamics of the NSC pool might represent
factors potentially limiting tree growth (Palacio et al. 2014) and affecting tree survival
under drought stress (McDowell et al. 2008).

The total volume of ray and axial parenchyma can be viewed as a finite compart-
ment potentially available for storage. Given the large volume of woody trunks, the
size of this storage pool is substantial from the whole plant perspective. For instance,
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Wiirth et al. (2005) calculated that the carbon stored in the above ground woody
biomass accounts for 80 % of the total carbon pool present in a seasonally dry
tropical forest and that this amount would be sufficient to completely regrow the
entire canopy. However, the storage capacity provided by wood parenchyma is not
always completely filled up. Instead, the NSC levels fluctuate, reflecting the dynamic
balance between carbohydrate production and utilization.

Besides the total amount of NSCs, their partitioning into starch and soluble sugar
fraction is of importance. Out of these two components, starch can be considered as
the primary long-term storage form of NSCs. Its molecules are large and cannot
move freely between cells; however, they can be readily hydrolyzed to produce
soluble sugars. Soluble sugars constitute a plethora of mono- and oligosaccharides
that are mobile and fulfill more active physiological roles.

As ray and axial parenchyma are the main sites of NSC accumulation in wood,
the NSC status of these cells should be directly mirrored in the NSC content and
composition measured in the bulk sapwood. The sapwood NSCs have been ana-
lyzed in a number of ecological studies (Hoch et al. 2003; Sauter and Wellenkamp
1998; Ashworth et al. 1993; Palacio et al. 2007; Carbone et al. 2013), providing
insights into the size and dynamics of the wood parenchyma carbohydrate pool. In
the following sections, we will review the NSC accumulation patterns observed in
different tree species and different woody organs and discuss changes in NSC con-
centration and composition that occur throughout the growing season. These aspects
of sapwood NSC dynamics will be linked to the anatomy and physiology of ray and
axial parenchyma cells.

2 Patterns in NSC Accumulation Across Different Woody
Species, Organs, and Time

2.1 Variation in NSC Across Different Tree Species

As already mentioned, a positive relationship between the NSC content and the
proportion of ray and axial parenchyma in wood can be expected. To the best of our
knowledge, this assumption has not been confirmed empirically, except for the
notion that conifer wood tends to have lower NSC concentrations than the wood of
angiosperms, which is in agreement with the lower proportion of parenchyma found
in conifer wood (Johnson et al. 2012). Considering the large differences in wood paren-
chyma content across angiosperms, as illustrated by the more than threefold varia-
tion shown by the five angiosperms in Fig.8.1a—g, it would be interesting to see if
the tendency for a higher NSC content with increasing volume of parenchyma holds
true also within this group. While the meta-analysis of published data can provide
useful insights (Johnson et al. 2012), the finer-scale patterns are likely to be con-
founded by the different sampling schemes employed by different authors and the
high variation in NSC concentration found across different woody organs and
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Fig. 8.2 Distribution of starch in wood parenchyma cells in the same species as shown in
Fig. 8.1. The wood samples of the temperate species Picea abies (a), Acer pseudoplatanus
(b), and Quercus robur (d) were collected at the Ulm University campus in October. In these spe-
cies, most of the wood parenchyma cells appear densely packed with starch grains. The samples
of the tropical plants Terminalia catappa (c¢), Ficus rubiginosa (e), and Ceiba aesculifolia
(f) were obtained from the living collections of the botanical garden of Ulm University in early
June. Despite growing under the same conditions of a tropical greenhouse, these species show
marked differences in starch deposition. While Terminalia accumulates large amounts of starch
in xylem parenchyma cells (c), the wood parenchyma in Ficus (e) and in particular in Ceiba (f)
show much lower starch content. Note the absence of starch in contact cells in Acer, Terminalia,
and Quercus (arrows)

seasons. In addition, the sapwood NSC content is usually expressed as a mass-based
concentration, and therefore depends on wood density, which varies substantially
between different species (Chave et al. 2009) and to some extent also within a single
tree (Domec and Gartner 2002; McCulloh et al. 2012). This problem could be
solved by expressing the NSC concentration on a wood volume rather than a wood
mass basis. Unfortunately, the studies looking at the sapwood NSC content do not
usually report wood density values to allow this conversion. Thus, additional
research is required to demonstrate conclusively whether the proportion of ray and
axial parenchyma is an important driver of the amount of NSC stored in wood.
Here, we will provide some initial hints on answering this question.

Using the same species as shown in Fig. 8.1a—g, we visualized the starch deposi-
tion by staining with Lugol’s solution (Fig. 8.2a—f). The iodine test revealed obvious
differences in starch accumulation in these species that differ greatly in the amount
of wood parenchyma. The parenchyma was packed with starch in all three temperate
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species sampled at the end of the growing season (Fig. 8.2a, b, d). In contrast, the
tropical plants showed varying patterns in starch accumulation, despite growing
under the same conditions in a tropical greenhouse (Fig. 8.2c, e, f). The starch abun-
dance was highest in Terminalia in which almost all parenchyma cells were filled
with starch grains (Fig. 8.2c). The amount of starch was much lower in Ficus
(Fig. 8.2e). In this species, the starch grains were sparse and almost absent in the
regions closer to the cambium. The lowest starch accumulation was observed in the
highly parenchymatous wood of Ceiba aesculifolia (Fig. 8.2f). Based on this simple
iodine test, we cannot say whether most of the NSC were present in the form of
soluble sugars in the wood of Ficus and Ceiba, or whether the total levels of NSC
were low in spite of the high parenchyma content found in these two species. More
than threefold differences in wood NSC concentration have recently been reported
in a study encompassing 17 tropical trees from 10 different families (Wiirth et al.
2005). It would be interesting to see if this variability is at least partially explained
by the amount of wood parenchyma. Marked differences in NSC concentration
were observed not only between species but also between different tree parts. Thus,
we will continue this review by comparing the patterns in NSC content found
between woody branches, trunks, and roots.

2.2 Variation in NSC Across Different Woody Organs

Most studies monitoring the NSC levels in more than one woody organ report val-
ues for the main trunk and small terminal branches. Three times higher NSC con-
centrations in branch wood than in trunk wood were observed in eleven temperate
trees (Hoch et al. 2003; Sala and Hoch 2009); however, such trend was much less
pronounced in a tropical environment (Wiirth et al. 2005; Newell et al. 2002). The
proportion of parenchyma does not differ greatly between branches and trunks
(Bhat et al. 1985; Koch 1985); therefore, any differences in NSC concentrations
between these two tissues are likely caused by physiological rather than anatomical
drivers. Alternatively, it is possible that the branch wood NSC values are overesti-
mated because of the inclusion of pith in the samples used for branch wood NSC
measurements. Besides affecting the total branch biomass, medullary (i.e., pith)
tissue is known to accumulate starch (Essiamah and Eschrich 1985). Both of these
phenomena could bias the NSC concentrations toward higher values.

Nevertheless, the branch wood NSC pool consistently appears to be more
dynamic than the trunk wood pool. This was manifested by a more dramatic sea-
sonal change (Wiirth et al. 2005; Hoch et al. 2003; Newell et al. 2002), a higher
proportion of the soluble sugar fraction (Sala and Hoch 2009), and a steeper increase
in NSC levels with increasing tree height (Sala and Hoch 2009; Woodruff and
Meinzer 2011) in branches as compared to trunks. The aforementioned differences
between branches and trunks are consistent with the more proximal position of
branches to the source of photoassimilates and developing buds and fruits that act as
strong carbon sinks. Therefore, it can be suggested that branch wood parenchyma
helps to buffer against a short-term imbalance between carbon supply and demand.
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In contrast, the trunk wood parenchyma might be more specialized for long-term
storage. This idea is supported by a recent study showing surprisingly long resi-
dence times of NSC extracted from the outermost 2 cm of sapwood in red maple and
eastern hemlock. Using radiocarbon dating, the mean age of sapwood NSC has been
estimated to be about a decade, although a substantial fraction of carbon seemed to
have much faster turnover (Richardson et al. 2013). This faster fraction likely rep-
resents carbohydrates used to support parenchyma metabolism and cambial growth
(Carbone et al. 2013; Hill et al. 1995).

In older trunks, the NSC concentration is known to decline radially with increas-
ing distance from the cambium (Wiirth et al. 2005; Hoch et al. 2003). This decline is
likely linked with parenchyma cell death and transition to heartwood. While low
values of NSC concentrations are typically reached at the depth of 15-20 cm in trunks
that showed a stem diameter of 30—100 cm, the radial patterns show interesting inter-
specific differences and variation with tree age (Wiirth et al. 2005; Hoch et al. 2003;
Barbaroux and Bréda 2002). More specifically, the decrease in NSC concentration
with increasing sapwood depth was particularly sharp in ring-porous oak, while dif-
fuse porous trees exhibited a more gradual decline (Hoch et al. 2003; Barbaroux and
Bréda 2002). The tropical tree, Luehea seemanii, exhibited remarkably constant NSC
content throughout the entire 12-cm-thick sapwood (Wiirth et al. 2005).

Besides above-ground xylem biomass, woody roots also accumulate large
amounts of NSC (Wiirth et al. 2005; Palacio et al. 2007; Loescher et al. 1990; Pate
et al. 1990). High NSC storage capacity of belowground woody tissue is in accor-
dance with a higher proportion of ray and axial parenchyma typically found in small
woody roots compared to branches (Lens et al. 2000; Pratt et al. 2007). However, in
coarser roots, the relative proportion of wood parenchyma might not be signifi-
cantly different from stems due to an increase in inter-ray distance with increasing
root diameter (Koch 1985; Wargo 1976).

The below-ground storage pool is particularly important when coping with dis-
turbances that destroy a substantial portion of the above-ground plant biomass. A
greater dependence on below-ground storage is characteristic for plants resprouting
after disturbance, as opposed to plants that regenerate from seeds. In agreement, a
higher proportion of wood parenchyma, paralleled by a greater amount of starch
reserves, have been observed in resprouters than seeders growing in fire-prone habi-
tats of Western Australia and South Africa (Pate et al. 1990; Verdaguer and Ojeda
2002). Interestingly, however, the overall starch tissue content was more strongly
driven by the starch packing density than the amount of parenchyma tissue (Pate
et al. 1990). Furthermore, not all the plants under study, including some of the
resprouters, accumulated starch in ray and axial parenchyma cells. While some spe-
cies accumulated starch only in their root cortex, other plants deposited starch in
both or only one of the wood parenchyma subsystems. Yet other species had starch
grains distributed in all three tissues. Unfortunately, it is not known if the same
patterns occurred consistently throughout the season and what the levels of soluble
sugars in the roots of these plants were.

Taken together, the comparison between species and woody organs suggests that
the amount of parenchyma is important for the overall capacity to store carbohydrates;
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however, the differences in starch accumulation patterns, possibly tied to the
concentration of soluble sugars, provide another layer of complexity.

2.3  Seasonal Variation in NSC

The NSC content and its partitioning between starch and soluble sugars is also
known to vary seasonally. The seasonal dynamics of wood NSC is most widely
studied in temperate winter-deciduous trees (Kozlowski 1992; Ashworth et al. 1993;
Sauter and van Cleve 1994), providing the following general picture. The total NSC
concentration usually peaks at the end of the growing season and declines through-
out winter, reaching its minimum during or shortly after bud break. Importantly,
starch is often almost completely hydrolyzed during winter months in response to
low temperatures, resulting in an increased concentration of soluble sugars
(Fig. 8.3a) (Sauter and Wellenkamp 1998; Schoonmaker 2013). At the end of win-
ter, the starch is transiently resynthesized, only to be hydrolyzed again shortly
before bud break (Essiamah and Eschrich 1985; Sauter and van Cleve 1994). Starch
and the total NSC levels then recover over the growing season. In contrast to decidu-
ous trees, the peak in NSC concentration commonly occurs before bud break and
remains low throughout the growing season in both temperate and boreal conifers
(Hoch et al. 2003; Schoonmaker 2013). The aforementioned patterns make intuitive
sense in terms of the typical progression of photosynthetic activity and growth and
likely hold true on a large scale. However, recent studies indicate that this view
might be an oversimplification and that various modifications of this general pattern
can be found across different woody tissues, species, sites, and seasons (Hoch et al.
2003; Richardson et al. 2013). For instance, Hoch et al. (2003) did not observe a
considerable reduction of NSC concentration during bud break in most of the angio-
sperm species studied. In some years, Richardson et al. (2013) even found higher
NSC concentrations in March than in November in maple and oak, suggesting that
a redistribution of NSC took place during the dormant season.

The patterns in carbohydrate concentration appear even more variable in a sea-
sonally dry tropical forest. In a study on four trees differing in their leaf phenology
(Newell et al. 2002), the branch wood of a truly drought-deciduous species (Cecropia
longipes) exhibited a fourfold higher NSC concentration during the dry season,
which was driven by a large increase in starch concentration (Fig. 8.3b). In contrast,
the brevi-deciduous trees such as Anacardium excelsum showed much smaller sea-
sonal variation in their NSC levels and a slight increase in soluble sugar fraction
during the dry season (Fig. 8.3c). The tendency for higher levels of NSC in branch
wood during the dry season was confirmed by a follow-up study encompassing 17
species (Wiirth et al. 2005). However, the seasonal effect was relatively weak in
comparison with a striking interspecific variability.

The seasonal changes in sapwood NSC reflect the balance between carbon supply
by photosynthesis and carbon utilization for various physiological needs such as
growth, reproduction, or stress mitigation. The structure of ray and axial parenchyma
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and their biochemical machinery likely have a great influence on the NSC dynamics
described above. The total parenchyma volume should be the parameter most
closely related to the seasonal maximum in NSC content, assuming that the storage
capacity of parenchyma cells is fully used during this period. In contrast, the dynam-
ics of NSC is driven by physiological activity of ray and axial parenchyma cells and
surrounding source and sink tissues (e.g., leaves, flushing buds, developing fruits,
the cambium). Furthermore, the spatial proximity and connectivity between wood
parenchyma and these sinks and sources is important for facilitating the NSC trans-
location within the plant body. While mechanisms underlying the buildup of NSC
stores remain poorly understood, several studies have focused on processes involved
in the mobilization and utilization of starch stored in wood parenchyma cells. The
underlying cellular processes will be discussed in the following section.

3 Metabolic Activity of Wood Parenchyma Underlying
the Dynamics of Sapwood NSC

3.1 Starch Mobilization and Metabolism of Soluble Sugars

The mobilization of starch reserves is initiated by the depolymerization of its
molecules (Fig. 8.4). In plants, starch breakdown can be catalyzed by various
enzymes such as amylases, glucosidases, and glucanohydrolases (Zeeman et al.
2010). To the best of our knowledge, only one study has looked at the starch hydro-
lyzing machinery acting in wood parenchyma (Witt et al. 1995). In this study,
numerous enzymes with a potential amylolytic activity have been investigated in the
ray parenchyma of Populus x canadensis and the main effect on starch degradation
has been attributed to a-amylase and it has been hypothesized that the high tempera-
ture sensitivity of this enzyme underlies the mid-winter starch degradation and its
resynthesis in early spring.

Simple sugars originating from starch hydrolysis are metabolized in a myriad of
ways. Typically, the sugar molecules need to be phosphorylated before they can
participate in further biochemical reactions. The phosphorylation of sugars is cata-
lyzed by phosphotransferases. One of these enzymes is a plant hexokinase catalyz-
ing the phosphorylation of hexoses, most importantly glucose. In addition,
hexokinase also plays a prominent role in sugar-mediated signaling (Jang et al.
1997). While we are not aware of any studies on hexokinase activity in wood
parenchyma, a gene encoding for this enzyme has recently been shown to exhibit a
xylem parenchyma-specific expression in leaf petioles of tobacco (Giese et al. 2005).

Phosphorylation of glucose is the first step of glycolysis that can be followed by
aerobic respiration. Respiration represents the key process through which the
chemical energy contained in nutrients is released and made available for fueling
the cellular metabolism. Respiration of wood parenchyma has been studied in a series
of interesting experiments (Spicer and Holbrook 2005, 2007a, b). The respiration
rates expressed per unit sapwood volume were between 0.4 and 1 pmol O,cm™ h™!
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and did not differ greatly between three angiosperm and two conifer species studied.
However, when expressed per living parenchyma volume, the two conifers showed
one order of magnitude higher respiration than the angiosperms, with the respiration
rates being around 12 and 3 pmol O,cm= h7l, respectively. Such respiration rates
are much lower than those typically found in meristems, but considerably higher
than those measured in tissues purely devoted to storage, such as tubers. This sug-
gests that wood parenchyma cells have a more active role than just being a simple
storage compartment. Based on cytochemical staining, respiratory activity appears
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particularly high in parenchyma cells that are in a direct contact with xylem con-
duits. These so-called contact or vessel-associated cells are characterized by high
mitochondrial counts, high activity of respiratory enzymes (Sauter et al. 1973;
Alves et al. 2001), and reduced starch accumulation (Fig. 8.2b, c, d, Braun 1984).
Interestingly, wood parenchyma cells of some species contain chloroplasts and are
photosynthetically active (Langenfeld-Heyser 1989; Cocoletzi et al. 2013; Larcher
et al. 1988). The carbon assimilation rates exhibited by woody stems are low and
usually not sufficient to result in a net carbon uptake; nevertheless, they may be
involved in the refixation of CO, released during parenchyma respiration, thereby
reducing respiratory carbon loss (Pfanz et al. 2002).

Sucrose is usually the most abundant component of soluble sugar fraction found
in wood. There are three key enzymes governing the metabolism of sucrose in
plants—sucrose-6-phosphate-synthase (SPS), sucrose-synthase (SuSy), and inver-
ase (Fig. 8.4). While SPS catalyzes the synthesis of sucrose molecules from phos-
phorylated monomers, the other two enzymes, SuSy and invertase, are responsible
for sucrose catabolism. The difference between these two enzymes is that SuSy
catalyzes the conversion of sucrose into fructose and UDP-glucose, while invertase
catalyzes the hydrolysis of sucrose into nonphosphorylated monomers. In plants,
several types of invertases can be distinguished based on their subcellular localiza-
tion and pH optimum. While netural invertase (NI) is localized in the cytoplasm,
acid invertases (Al) are found in vacuoles and cell walls (Sturm 1999).

Seasonal changes in the activity of all three enzymes, SPS, SuSy, and invertase,
which play an important role in sucrose metabolism, were studied along a radial
profile in the sapwood of Robinia pseudoacacia, providing interesting insights into
the coordination of NSC mobilization and utilization (Hauch and Magel 1998). An
increased activity of sucrose synthesizing SPS was indicative of starch mobiliza-
tion. Thus, a high SPS activity was observed throughout the entire width of sap-
wood during cold winter months when starch is being hydrolyzed into soluble
sugars. The high SPS activity persisted in the middle and outermost sapwood during
bud break. In contrast, the activities of SuSy and neutral invertase peaked in sink
tissues to which sucrose was transported and subsequently catabolized. In spring,
SuSy was highly active in sapwood regions close to the cambium, producing UDP-
glucose for the synthesis of cell walls of newly developing xylem cells. By contrast,
NI was mostly active in the sapwood-to-heartwood transition zone during autumn,
likely providing precursors for the synthesis of heartwood phenolic. Similar pat-
terns in SPS and SuSy activity as observed in Robinia pseudoaccacia have also
been detected in the wood of Populus x canadensis (Schrader and Sauter 2002).

3.2 Translocation of Soluble Sugars

In order to supply carbon and energy to the cambium and the sapwood-to-heartwood
transition zone, sucrose and other soluble sugars arising from starch mobilization
have to move radially within the stem (Fig. 8.4). Rays provide an ideal path for such
a translocation (Van Bel 1990). Ray parenchyma cells are interconnected via pits
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Fig. 8.5 Parenchyma—conduit and parenchyma—parenchyma cell connections in Quercus robur.
(a) A radial section showing a vessel-ray interface observed with a light microscope. Numerous pit
connections are apparent at the interface between the ray and vessel (arrow) and between the
different files of ray cells (arrowheads). A clear distinction between contact (cc) and isolation cells
(ic) within the ray is obvious in the picture. (b) A slightly bordered pit between two ray cells (r)
observed with a transmission electron microscope. The pit membrane is penetrated by plasmodes-
mata (arrow). Various cytoplasmic bodies and vesicles are abundant in the pit channel, suggesting
intense transport activity across the pit membrane. (¢) Cross-section through an axial parenchyma
cell (ap) connected to an adjacent vessel (v) via a half-bordered pit. The pit membrane is without
plasmodesmata. The amorphous (or protective) layer between the pit membrane and the plasma-
lemma is thin but still apparent (asterisk). From the vessel lumen side, the pit membrane is covered
by an electron dense plug, also known as the “black cap” (arrow)

perforated by numerous plasmodesmata, such that a symplastic continuum exists
within the ray (Fig. 8.5a, b). This continuum can be visualized with symplastic fluo-
rescence tracers (Sokolowska and Zagérska-Marek 2012); however, very little is
known about the rate, selectivity, and regulation of this transport pathway. The rate
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and direction of the bulk symplastic transport of carbohydrates are likely driven by
the concentration gradient, similarly to the movement of sucrose during symplastic
phloem loading. Based on the dynamics of starch deposition, Sauter and Kloth
(1986) calculated a carbohydrate flow rate of 800 pmol cm™ s~! across the tangen-
tial ray walls of Populusx canadensis and concluded that much of this flux must
have occurred via plasmodesmata.

Moreover, the presence of highly ordered microfilaments and microtubules run-
ning parallel to the longer (i.e., radial) axis of the ray cells provides possibility for
active directional transport (Chaffey and Barlow 2001). Myosin, belonging to the
family of ATP-dependent molecular motors, and the polysaccharide callose are
localized at the plasmodesmal faces within the pit membranes. Both of these com-
pounds are known to influence the permeability of plasmodesmata (Reichelt et al.
1999; Zavaliev et al. 2011; White and Barton 2011) and could hence facilitate an
active regulation of the ray-to-ray cell conductance. Nevertheless, even if plasmo-
desmata are present and unblocked, the passage of molecules through pits will be
associated with a certain resistance. Thus, more efficient radial conduction is
expected in rays composed of procumbent rather than square or upright cells,
because the number of cell-to-cell connections that need to be crossed is smaller in
case of procumbent cells (Carlquist 1975).

Sugars can also move out of the parenchyma cells and enter the conduit lumen.
The exchange of carbohydrates between parenchyma cells and conduits is facili-
tated by conduit—parenchyma pits, which exhibit a different structure than the sim-
ple or slightly bordered parenchyma—parenchyma pit pairs (Fig. 8.5a, ¢). When
observed with a transmission electron microscope, the conduit—parenchyma pit
membranes appear compact, rather electron dense and free of plasmodesmata
(Fig. 8.5¢). In addition, a specialized cell wall layer is deposited underneath the pit
membrane, lining the entire conduit—parenchyma interface between the plasma-
lemma and the lignified wall. This so-called amorphous or protective layer may
enlarge the actual area available for the exchange of substances (Barnett et al. 1993);
however, other functions such as providing a buffer against xylem pressure oscilla-
tions were also proposed (Van Bel and Van der Schoot 1988). Both the pit mem-
brane and the amorphous layer are rich in pectins (Wisniewski and Davis 1995;
Plavcova and Hacke 2011). The amorphous layer contains also arabinogalactan-rich
glycoproteins (AGPs) (Wisniewski and Davis 1995). These extracellular proteins
prevent a tight alignment of pectin molecules (Lamport et al. 2006) and hence may
increase the porosity and permeability of the amorphous layer. Moreover, AGPs are
known to interact with the plasma membrane and act as receptors (Seifert and
Roberts 2007), which points to interesting possibilities for a more active role of the
amorphous layer in sensing and signaling. Another feature of conduit—parenchyma
pits is the formation of an additional pectinaceous plug during winter months
observed in several temperate trees (Wisniewski and Davis 1995; Wisniewski et al.
1991a). Because of its high electron density this plug is sometimes referred to as the
“black cap.” The exact function of the black cap is not known but it might hinder the
growth of ice crystals or prevent uncontrolled loss of water and other substances
from parenchyma cells during winter dormancy.
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Our knowledge of molecular mechanisms involved in the sugar movement
between parenchyma cells and conduits is rather limited, with most information
coming from a few temperate deciduous trees. In these trees, two opposing sugar
fluxes have been identified, namely the sugar efflux from and the sugar influx to the
parenchyma cells (Fig. 8.4). The balance between these two fluxes drives the sugar
composition of the xylem sap. High sugar concentrations, indicative of high efflux
and/or low influx rates, are often found in xylem sap during winter and early spring.
For instance, the spring sap concentration of sugar maple (Acer saccharum) reaches
typically values of 2-3 % (Taylor 1956), while a concentration of about 0.6 % was
measured in Acer platanoides (Schill et al. 1996) and Populus x canadensis (Sauter
1988). In contrast, the summer concentrations are close to 0.1 %.

The efflux of soluble sugars out of parenchyma cells (Fig. 8.4) occurs passively
along a concentration gradient (Sauter 1982; Améglio et al. 2004; Miinch 1930).
Therefore, high efflux rates are expected when the concentration of soluble sugars
in parenchyma cells is high. In agreement, high sugar efflux is observed during
winter when most of the starch stored in parenchyma cells is hydrolyzed. In walnut,
the sap sugar concentration was indeed highest during winter, with sucrose repre-
senting the most abundant xylem sap saccharide (Améglio et al. 2002, 2004). The
dynamics of sap sugars are different in poplar. In this species, a rapid increase in sap
sugar levels was observed during bud break, reaching levels more than three times
higher than those measured in winter. Interestingly, hexoses comprised the major
fraction of xylem sap sugars during this time, suggesting that sucrose might be
hydrolyzed in the apoplast by acid invertase (Sauter 1988). The rapid increase in sap
sugar levels indicates the sugar efflux is not just a mere leakage but rather an actively
regulated process. The sugar efflux rates are sensitive to inhibitors, suggesting that
the efflux is facilitated by membrane channels (Sauter 1982; Améglio et al. 2004).
Thus, the modulation of efflux rates can be achieved by changing the abundance and
activity of these hitherto uncharacterized proteins.

If sap flow occurs, sugars released into the conduit lumen can be carried via the
low-resistance apoplastic pathway toward the canopy. This additional amount of
carbon can be valuable to support flushing buds in spring (Bonhomme et al. 2010).
However, as vascular connections are often not fully developed during the initial
phase of bud reactivation (Ashworth 1982), sugars need to be reabsorbed by paren-
chyma cells and move to the bud tissue via extraxylary pathways.

In contrast to sugar efflux, the uptake of sugars from the xylem sap by paren-
chyma cells is an active process facilitated by proton-sugar symporters (Fig. 8.4).
Transcript and protein levels of several of these putative transporters have been
studied in walnut (Decourteix et al. 2006, 2008). While the sucrose transporter
JrSUT1 was strongly up-regulated in xylem parenchyma cells during bud break,
two hexose transporters, JrfHT1 and JrHT2, were abundant during the period of
intense radial growth. This suggests that the sugar uptake is selective and likely
tailored to suit specific physiological needs. The symport of sugars is powered by
the electrochemical gradient generated by ATP-dependent proton pumps also
known as H*-ATPases (Alves et al. 2007). High expression of H*-ATPase coincides
with a high activity of respiratory enzymes, indicating that the sugar retrieval is
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energetically demanding but also remarkably efficient. For instance, in willow
(Salix), the rates of sugar influx have been estimated to be more than five times
higher than the rates of sugar efflux (Sauter 1983).

In this section, we described the cellular processes that underlie the dynamics of
NSC in sapwood (Fig. 8.4), starting with the conversion of starch into soluble sugars,
continuing with the in situ use of sugars, and finishing with their radial and axial
transport into more distant sink tissues. We showed that NSC dynamics are driven
by the activity of key sugar-modifying enzymes and transport systems, acting within
the anatomical and physiological boundaries provided by wood parenchyma cells.
In the next section, we will briefly discuss potential implications of these processes
for whole plant physiology.

4 The Role of Sapwood NSC at the Whole Plant Level

Carbohydrate storage is important for a tree’s ability to withstand periods of
unfavorable environmental conditions and to reactivate its growth when favorable
conditions are reestablished. Interestingly, the NSC reserves are rarely depleted in
trees, leading to the suggestion that tree growth and survival is not limited by carbon
supply (Korner 2003). Alternatively, it has recently been proposed that trees actively
maintain high NSC concentration at the expense of growth in order to sustain plant
functioning under environmental stress (Sala et al. 2012a; Wiley and Helliker 2012).
We believe that the wide array of tightly regulated physiological processes taking
place in ray and axial parenchyma cells fits well into this picture. While starch accu-
mulation in wood parenchyma at the end of the growing season can be viewed as
manifestation of a long-term storage function, the complex dynamics of soluble
sugars can be perceived as a suite of active physiological processes—some are
related to maintenance respiration and growth while others are mostly involved in
stress mitigation (Fig. 8.6). For the sake of simplicity, we will outline these func-
tions as consecutive events progressing over seasons typical for a temperate climate.
However, we recognize that not all of these functions are relevant all the time.
Instead, different functions can be more important in different tree species or under
particular circumstances, resulting in different requirements on structural and phys-
iological properties of wood parenchyma cells.

In winter, two important physiological roles of soluble sugars can be identified,
namely the protection of parenchyma cells from freeze injury and reversal of freeze-
induced embolism. Subzero temperatures can damage or even kill wood paren-
chyma cells. Therefore, two strategies for coping with freezing temperatures
evolved in these cells—they either tolerate extracellular ice formation or avoid
freezing by deep supercooling (Sakai et al. 1987; Kuroda et al. 2003; Burke et al.
1976). In the case of freeze tolerance, an increased concentration of soluble sugars
resulting in higher osmotic potential of the cytoplasm helps to prevent cellular
dehydration driven by extracellular freezing (Yuanyuan et al. 2009; Cavender-Bares
2005). In case of freeze avoidance, soluble sugars may help to inhibit the formation
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Fig. 8.6 Schematic representation of various functions that starch and soluble sugars fulfill in
sapwood. Starch represents the primary form of nonstructural carbohydrates used for the long-term
storage. Starch can be converted into soluble sugars that fulfill more active physiological roles.
Soluble sugars are used for respiration. They are important for defense against pathogens by pro-
viding energy and material for the synthesis of defense chemicals. Increased concentration of
soluble sugars in wood parenchyma cells may prevent freeze and desiccation damage. Soluble
sugars can move radially via the symplastic continuum in ray parenchyma cells toward the cam-
bium or toward the center of the stem to supply carbon and energy for the formation of new xylem
or for the synthesis of heartwood extractives. Soluble sugars are also secreted into the apoplast
where they can drive refilling of xylem embolism. Sugars released to the xylem sap can be carried
upstream and retrieved closer to the plant apex, thereby supplying carbon to flushing buds

of ice crystals and to stabilize the plasmatic membrane. Furthermore, the integrity
of the amorphous layer and its pectin composition are important for the ability of
parenchyma cells to undergo supercooling (Wisniewski and Davis 1989; Wisniewski
et al. 1991b).

Repeated freeze—thaw cycles are known to induce embolism of xylem conduits
even under modest tensions. Ring-porous trees cope with this phenomena by pro-
ducing new conduits in spring, whereas many diffuse porous species are capable of
refilling embolized conduits (Hacke and Sauter 1996). Refilling can be driven by
positive root or stem pressure or a combination of the two. While the accumulation
of inorganic nutrients in the root apoplast seemed to underlie the development of
root pressure in Juglans, soluble sugars released by the parenchyma cells were critical
for the generation of positive stem pressure in both Juglans (Améglio et al. 2002, 2004;
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Ewers et al. 2001) and Acer (Sauter et al. 1973; Hacke and Sauter 1996). Thus, in
climates where freezing occurs, wood parenchyma can be important for the restora-
tion of vascular integrity at the start of a new growing season. On the other hand, a
high amount of parenchyma represents a challenge because freeze damage to the
living tissue needs to be prevented.

In spring, the main function of soluble sugars is to support new growth in order
to quickly reestablish photosynthetic production. Expanding buds and the active
cambial zone represent the strongest sinks during this period. Both of these tissues
receive carbohydrates stored in sapwood (Hill et al. 1995; Bonhomme et al. 2010;
Decourteix et al. 2008). While little is known about the partitioning of reserves
between these two tissues, it can be expected that it is closely related to the offset
between the cambium and bud phenology. The cambium likely represents a more
important sink for stored carbohydrates in ring-porous than diffuse-porous species
because a large proportion of the radial stem growth occurs before the onset of
photosynthetic activity in ring-porous trees (Barbaroux and Bréda 2002; Panchen
et al. 2014). In species that bloom before the leaf-out, the opening flower buds draw
strongly on stored reserves as indicated by a pronounced decline in branch wood
NSC levels (Hoch et al. 2003). Higher allocation of NSC reserves into the cambium
should put more requirements on the radial transport mechanisms via the ray sym-
plast, while the axial transport pathway, which involves sugar exchange between
wood parenchyma and xylem apoplast, should be accentuated in case of higher
needs for sugar translocation into the buds.

In summer, when the canopy is fully developed and photosynthetically active,
soluble sugars found in the sapwood could help to prevent and repair damage caused
by environmental stress. In the more traditional sense, the importance of sapwood
NSC reserves should be seen in the possibility to regrow leaves in case of severe
defoliation caused by environmental stress. From the less traditional point of view,
the high NSC pool may be needed for a continuous maintenance of hydraulic integrity
that is constantly being perturbed. Drought and the attack of pathogens arguably
represent the two most important environmental challenges frequently encountered
by trees.

The importance of carbohydrates in the repair of drought-induced embolism has
been widely recognized. Despite some recent concerns calling the routine occur-
rence of refilling under tension into question (Wheeler et al. 2013; Sperry 2013), the
active release of both sugars and water into the conduit lumen by xylem parenchyma
cells is believed to be at the heart of the putative mechanism that may facilitate
rapid reversal of drought-induced embolism (Salleo et al. 1996; Tyree et al. 1999;
Hacke and Sperry 2003; Secchi et al. 2011; Secchi and Zwieniecki 2011; Brodersen
et al. 2010). Moreover, abundant wood parenchyma, as found in many tropical trees,
can help to delay the onset of cavitation by providing high water storage capacity
(Borchert and Pockman 2005). It is not known if excessive water loss from paren-
chyma cells during drought can compromise their physiological functions, although
desiccation-induced damage to the protoplasm has been documented in wood
parenchyma cells during cold stress (Ristic and Ashworth 1994). If the maintenance
of turgor pressure is important, for instance for biomechanical reasons (Chapotin
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et al. 2006), increased concentration of soluble sugars could provide means for
reducing the capacitive discharge from wood parenchyma cells.

The importance of ray and axial parenchyma for wound and pathogen responses
in wood is also well documented. Most importantly, parenchyma cells produce tylo-
ses and gums that plug old or damaged xylem conduits, thereby preventing uncon-
trolled spread of pathogens within the xylem pipeline (Bonsen and Kucera 1990;
Nicole et al. 1992). The production of these vascular occlusions involves active
secretory processes (Rioux et al. 1998) and hormonal signaling (McElrone et al.
2010), and thus is likely associated with high demands for energy that can be drawn
from NSC reserves. On the other hand, a higher proportion of thin-walled paren-
chyma cells that are rich in carbohydrates can make wood more attractive for
nutrient-seeking pathogens and herbivores (Schwarze 2007; Martin et al. 2009).
This could result in a faster progression of infection once the pathogen succeeds in
overcoming the initial defense mechanisms.

In fall, the wood parenchyma NSC stores should be replenished and available to
support the tree’s physiological functions in winter and during the next growing
season. However, some of the NSC can still be consumed for heartwood formation,
which is known to occur predominantly during the period of early dormancy (Taylor
et al. 2002). As suggested in a recent review (Spicer 2005), heartwood formation
should be viewed as an active developmental program during which a conductive
but vulnerable sapwood is transformed in a nonconductive but durable heartwood.
This process, initiated within wood parenchyma cells, involves a suite of biochemi-
cal reactions that use, at least in part, energy and carbon from carbohydrates stored
in sapwood (Hauch and Magel 1998; Magel et al. 1994).

In this section, we summarized the most important ways of how sapwood NSC
are used in growth, development, and stress mitigation (Fig. 8.6) and showed the
tight links to the well-known functions of ray and axial parenchyma cells. However,
it is important to note that reserves other than NSC are also stored in wood paren-
chyma cells, with nitrogen and phosphorous representing the most important ones
(Hoch et al. 2003; Langheinrich and Tischner 1991; Sauter and van Cleve 1991).
Thus, it is likely that the tree performance is, at least in some occasions, more
strongly limited by the availability of these nutrients than by the availability of
carbon (Millard and Grelet 2010; Sala et al. 2012b). Nevertheless, we believe that
our analysis of NSC dynamics provides a useful conceptual basis that can be applied
to better understand the dynamics of other nutrients as well.

5 Future Perspectives

Research on xylem has a great tradition in integrating structure and function and
great advances in understanding the plant water transport have been made by link-
ing the anatomy of xylem conduits to functional hydraulic traits (Hacke et al. 2001,
2006; Jansen et al. 2009). We can envision similar progress in elucidating the
functional role of parenchyma cells in carbohydrate storage and dynamics, paved by
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uncovering the great diversity in ray and axial parenchyma structure and their spatial
distribution. Such research would greatly benefit from integrating approaches tradi-
tionally used in studies on xylem hydraulics (e.g., perfusion experiments, analysis
of pit structure) with methods used to examine phloem physiology (e.g., the appli-
cation of symplastic and apoplastic tracers, radioactive labelling, molecular meth-
ods). Moreover, ecological data on sapwood NSC concentration and composition
will help to upscale the processes and imply their importance for whole plant
functioning.

Most research to date has been made on temperate species. However, wood
structure exhibits great diversity and ray and axial parenchyma seems to be more
abundant and exhibit more elaborated patterns in tropical trees. Similarly, carbohy-
drate metabolism in sapwood seems to be more complex, dynamic, and shifted
further from the role in long-term storage in the tropics. Therefore, studies con-
ducted on tropical trees might provide further valuable insights.
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Summary

e Parenchyma is an important tissue in secondary xylem of seed plants, with functions rang-
ing from storage to defence and with effects on the physical and mechanical properties of
wood. Currently, we lack a large-scale quantitative analysis of ray parenchyma (RP) and axial
parenchyma (AP) tissue fractions.

e Here, we use data from the literature on AP and RP fractions to investigate the potential
relationships of climate and growth form with total ray and axial parenchyma fractions (RAP).
e We found a 29-fold variation in RAP fraction, which was more strongly related to tempera-
ture than with precipitation. Stem succulents had the highest RAP values (mean =+ SD:
70.2 £22.0%), followed by lianas (50.1+16.3%), angiosperm trees and shrubs
(26.3 £12.4%), and conifers (7.6 +2.6%). Differences in RAP fraction between temperate
and tropical angiosperm trees (21.1 +£7.9% vs 36.2 + 13.4%, respectively) are due to differ-
ences in the AP fraction, which is typically three times higher in tropical than in temperate
trees, but not in RP fraction.

e Our results illustrate that both temperature and growth form are important drivers of RAP
fractions. These findings should help pave the way to better understand the various functions

of RAP in plants.

Introduction

Parenchyma tissue in secondary xylem is composed of living cells
variable in their morphology and physiology, which usually have
thin walls and are rectangular or square in shape. They are pro-
duced by fusiform and ray initials of the vascular cambium, which
develop into axial parenchyma (AP) strands and ray parenchyma
(RP), respectively, and run perpendicular to each other (Fig. 1).
Besides the occurrence of so-called living fibres (Wolkinger,
1970, 1971), ray and axial parenchyma (RAP) tissue represents
the bulk of living cells in wood. Parenchyma plays multiple func-
tions, as seen in Fig. 2 (green boxes). These functions range from
storage and transport of nonstructural carbohydrates (NSCs)
(Hoch et al., 2003; Salleo et al., 2004; O’Brien ez al., 2014; Plav-
cova & Jansen, 2015) to defence against pathogens (Shigo, 1984;
Biggs, 1987; Schmitt & Liese, 1993; Deflorio ez al., 2008), water
storage and xylem hydraulic capacitance (Holbrook, 1995;
Borchert & Pockman, 2005), storage of mineral inclusions, the

*These authors contributed equally to this work.
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transition of functional sapwood to heartwood (Pinto ez al., 2004;
Spicer, 2005; Nawrot ez al., 2008), and mechanical contributions,
particularly by RP (Burgert eral, 1999; Burgert & Eckstein,
2001; Reiterer etal., 2002). Two additional functions of RAP
speculated to be involved in long-distance water transport are
poorly understood, the first being embolism repair (Clearwater &
Goldstein, 2005; Salleo et al., 2009; Brodersen et al., 2010), with
the second involving the ion-mediated enhancement of xylem
hydraulic conductance via the release of inorganic compounds
such as K* and Ca® into the transpiration stream (Zwieniecki
eral., 2001; Jansen eral, 2011; Nardini eral, 2011; Santiago
eral., 2013). Radial transport via RAP also needs more explo-
ration. Rays provide means for interactions between phloem and
xylem (van Bel, 1990; Spicer & Holbrook, 2007; Hearn ez al.,
2013; Pfautsch ezal, 2015), as they stretch from the inner bark
across the cambium and into the xylem.

RAP shows a large variability in its quantitative and qualitative
anatomical characteristics across species (Kribs, 1935, 1937;
Barghoorn, 1940, 1941; Normand & Chatelet, 1951; Braun &
Wolkinger, 1970; Panshin & de Zeeuw, 1980; Braun, 1984;
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Fig. 1 Light microscopy images of transverse
sections of conifer and angiosperm stem
wood with different parenchyma fractions
and spatial distribution, showing a gradient
from low to high ray and axial parenchyma
percentages. (a) Picea abies, a conifer species
with no axial parenchyma (AP) present; (b)
Carpinus betulus, a diffuse-porous species
with narrow bands of AP (white arrows); (c)
Fraxinus excelsior, a ring-porous species with
both scanty paratracheal AP (white arrows)
and marginal bands; and (d) Crescentia
cujeje, a tropical diffuse-porous species with
aliform and confluent bands of AP (white
arrows). The sections were stained with a
combination of safranin and alcian blue,
resulting in a red colour for strongly lignified
cell walls (tracheids (T), vessels (V), and
fibres) and a blue to purple colour for both
AP and RP (radial parenchyma). All bars,
100 pm.
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temperature*,

soil waterl,,
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seasonality
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Koch, 1985). In fact, this variability has been used for wood
identification and systematic purposes (IAWA Committee, 1989,
2004; Wagenfihr, 2007); however, we lack a thorough under-
standing of the functional meaning of this variability. Recent
advances in image acquisition and analysis techniques have made
possible a more accurate and thorough examination of tissue per-
centages along with the design of studies investigating patterns of
variation in total parenchyma fraction (Martinez-Cabrera ez al.,

New Phytologist (2016) 209: 1553-1565
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Defence and resilience to disturbance
defence against pathogens: tyloses,
wound closure, self-repair
mechanical stability: turgor, elasticity
dedifferentiation, resprouting, clonal
stem recruitment (in combination
with parenchyma outside the xylem)

Fig. 2 Diagram of variables (in blue)
hypothesised to affect xylem parenchyma
(including ray and axial parenchyma) tissue
fractions in wood and the functions (in
green) hypothesised to be related to
parenchyma fractions. Arrows pointing
upwards or downwards indicate whether or
not particular causes may lead to a
speculative increase or decrease of
parenchyma fraction, or that a functional
process is either positively or negatively
scaled with parenchyma fraction. Potential
variations in parenchyma quantity due to
developmental changes and patterns of
spatial distribution within the xylem tissue are
omitted in this framework. NSC,
nonstructural carbohydrates.

2009; Zheng & Martinez-Cabrera, 2013; Zieminska ez al., 2013,
2015).

RAP amount responds to both phylogenetic and environmen-
tal factors (Fig.2). Also, RAP, with the exclusion of rayless
species (Carlquist, 2001), is typically higher in angiosperm than
in conifer wood for both RP (15-20% compared to 4-8%) and
AP (£1% to >30% compared to <1%), respectively (Koch,
1985; Spicer, 2014). The level of RAP also depends on growth

© 2015 The Authors
New Phytologist © 2015 New Phytologist Trust
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forms, with a surprisingly high level occurring in woody succu-
lents and lianas (Hearn, 2009). RAP abundance might also
change with climate, showing a trend for higher RAP fractions in
tropical than in temperate species (Baas, 1982; Wheeler & Baas,
1991). Interestingly, the amount of AP seems to vary
considerably between different eco-regions, both at the intra- and
interspecific level (Wheeler & Baas, 1991; Segala Alves &
Angyalossy-Alfonso, 2002), but no general trends have been
reported for RP as a whole (Fahn ez al., 1986). As far as we know,
there is no published literature on actual comparisons between
AP and RP amounts across climatic regions. Different RP com-
positions may not have any functional advantages across a wide
range of climates (Baas, 1982). If this is so, then substantial
changes in the overall RP fraction might not be significant, as this
paper aims to elucidate. However, RP in Juniperus thurifera has
been shown to vary in size and abundance annually, suggesting
that RP formation in this species is sensitive to interannual
changes in precipitation and temperature (Olano ez al., 2013).

When considering the valuable contributions from earlier
studies, major ecological trends in RAP levels remain unclear.
The studies that have investigated the association between RAP
and climate have either relied on qualitatively classifying species
into broadly defined categories based on their RAP abundance
(Baas, 1982; Wheeler ezal., 2007) or were designed as isolated
case studies, which were limited in the number of species and
sites investigated (Martinez-Cabrera ezal, 2009; Olano eral.,
2013; Zieminska eral., 2015). As far as we are aware, the largest
datasets providing detailed information on both climate-related
parameters and RAP levels encompass 61 species growing on
eight different sites across South and North America (Martinez-
Cabrera ez al., 2009) and 69 species collected on three sites along
the east coast of Australia (Zieminiska ez al, 2015). In order to
better understand the global variation in RAP levels, which could
point to various functional consequences of low vs high RAP
fraction, we assembled an extensive dataset that includes many
hundreds of species from different climatic zones while using
more rigorous quantitative methods to characterise potential
trends in RAP fractions. Our main objective was to investigate
the association between climate and RAP fraction across a broad
range of species and environments. We expect there to be a strong
relationship between both temperature and precipitation with
RAP, and potentially higher RAP levels in tropical and subtropi-
cal species than in temperate species. Also, species that experience
drought are hypothesised to show high levels of RAP because of
potential correlations of RAP with drought resistance mecha-
nisms such as xylem capacitance and refilling of embolised vessels
(Brodersen & McElrone, 2013; Trifilo et al., 2014).

We also aimed to elucidate the links between parenchyma frac-
tion and growth form, and to explore differences in RAP amount
between organs, namely roots, trunks and branches. We postulate
that total RAP fractions are higher in lianas and succulents than
in trees due to an increased demand for mechanical elasticity in
climbing plants and the importance of water storage in succu-
lents. Across different plant organs, higher RAP and especially
RP levels can be expected in roots when compared to stems
because of potential differences in storage capacity and

© 2015 The Authors
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mechanical properties (Gasson & Cutler, 1990; Stokke & Man-
willer, 1994; Pratt ez al., 2007). Finally, by way of a large quanti-
tative analysis, we aim to support previous studies (Panshin & de
Zeeuw, 1980) that total RAP fraction shows a divergence
between angiosperms and conifers. A more detailed phylogenetic
investigation of RAP fractions at lower taxonomic levels is
beyond the scope of this study and was addressed recently in a
range of Chinese species (Zheng & Martinez-Cabrera, 2013).

Materials and Methods

Compilation of the global parenchyma dataset

A total of 1727 records of wood parenchyma percentages for
1439 separate species were obtained from 55 different literature
sources (Supporting Information Notes S1). The majority of
these records reported values for trunks and branches of trees and
shrubs. However, data from small branches of woody climbers
and succulents together with data from woody roots were also
included. If available, the total fractions of vessels and fibres, rep-
resenting the other main cell types found in wood, were also col-
lected.

Data on ray parenchyma (RP) and axial parenchyma (AP) were
available for 1268 angiosperm records, with 144 and 225 addi-
tional records for RP and total ray and axial parenchyma (RAP)
(total of 1637 records), respectively. In conifers, only 14 out of a
total of 90 records reported values for both AP and RP. This is
because AP is sparse in conifers and therefore rarely measured.
For this reason, it can be assumed that the total fraction of RP in
conifers is equal to the total parenchyma content without intro-
ducing substantial bias to the total parenchyma estimate. Orthog-
raphy and synonymy of species names were checked using the
Plant List (v.1.1; http://www.theplantlist.org). In 14 instances we
were unable to match the species name reported by the author to
any recognised taxon name, and these entries were omitted.
Upon pooling together data for trunks and branches reported in
the same publication (see the Results section), a core dataset of
1727 entries (1439 species and 127 families) was obtained and
used for our analyses. The compiled dataset and corresponding
reference list is provided in Table S1, except for the nearly 800
species from Zheng & Martinez-Cabrera (2013), which are acces-
sible via the TRY Plant Trait Database (https://www.try-db.org/
TryWeb/Home.php; Kattge ez al., 2011).

Validation of the dataset

High data variability is inherent in large datasets compiled from
different literature sources, probably due to different methods
used to quantify parenchyma. For example, RAP fractions were
based on thin transverse wood sections using light microscopy
(Ruelle efal, 2006; Martinez-Cabrera ezal, 2009; Zieminska
etal., 2013, 2015), or on polished wood surfaces using stereomi-
croscopy (Poorter ezal., 2010; Fichtder & Worbes, 2012). The
relative fraction of parenchyma tissue can be analysed by measur-
ing the entire area covered by the tissue or by estimating this area
using a grid overlay (Huber & Priitz, 1938; Smith, 1967). In
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older books and wood atlases, the method used was not explicitly
stated (Panshin & de Zeeuw, 1980; Koch, 1985; Wagenfiihr,
2007). Another complication is that it can be difficult to distin-
guish between AP and vasicentric tracheids or thin-walled living
fibres in angiosperms.

As a check of accuracy we compared data taken from the litera-
ture to our own data, where we measured RAP fractions for 16
species, out of which 10 species and 14 genera were in our
literature-based dataset. Transverse sections of woody branches
0.5-1 cm in diameter were prepared with a sliding microtome,
dehydrated in an ethanol series, stained with a mixture of safranin
and alcian blue and mounted in Neo Mount (Merck KGaA,
Darmstadt, Germany). Digital images were taken with a stereo
zoom microscope (Axio Zoom V16; Zeiss, Germany). A wedge-
shaped region spanning a total area of ¢. 0.5-1.5 mm? from the
cambium to the pith was outlined and individual areas taken up
by the four principal wood tissues (RP, AP, vessels and imperfo-
rate tracheary elements, i.e. fibres and tracheids) within this
region were segmented manually in Photoshop with the aid of a
graphic tablet (Wacom, Cintiq Companion, model DTH-
W1300; Vancouver, WA, USA). The areas were then measured
with Image] (Rasband, 1997-2012) and converted to percentage
proportions. For 12 temperate species, which were accessible on
the Ulm University campus, three small branches from the same
individual were measured for each species. For four tropical
species, which were available in the glasshouses of the Botanical
Garden of Ulm University, one branch could be harvested for
measurements, and two radial transects were measured on a
transverse section. In total, 16 species (two conifers, nine temper-
ate angiosperms, four tropical angiosperms and one temperate
climber) were measured. Our data were then matched to data for
10 species from the compiled dataset. Another comparison was
made at the generic level for 14 genera.

Climate data

In order to investigate correlations between climate and the
amount of RAP, AP and RP, we assigned the species into three
broadly designated climatic zones: temperate, tropical and sub-
tropical. We used the climatic classification system devised by
Koppen (1936), where temperate includes both maritime and
continental types, with subtropical ranging from permanent wet
to summer dry and winter dry, and tropical including permanent
wet, summer dry, winter dry, and monsoonal.

In order to complement the categorical classification, we
looked up the spatial coordinates for species in our dataset to
serve as proxies for species distribution. We used climate data by
way of two different approaches: (1) based on exact locations
from the literature, climatic data were obtained for 68 different
sampling locations, including 461 different records and 411
species (including both angiosperms and conifers); and (2) where
exact locations were not available from the literature, we used the
Global Biodiversity Inventory Facility (GBIF), which allowed us
to obtain climatic information for 619 species from 612 different
locations, covering a wide range of latitudes, longitudes and alti-

tudes (Fig. S1).
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For the approach based on exact locations, climatic data for
each geographical location were extracted from layers of two
major climatic databases using ARcGIS (v.10.0.4.4; ESRI, CA,
USA). The layers of the mean annual temperature (MAT, °C)
and mean annual precipitation (MAP, mm) were sourced from
Bioclim layers based on the World Clim Global Climate
Database (Hijmans ezal., 2005) for the years 1950-2000. The
potential evapotranspiration (PET) dataset for each month and
the aridity index (AI, which is MAP divided by PET) and mean
precipitation of the driest quarter (MPDQ), which is the sum of
the average precipitation in the three driest successive months)
was taken from the Consortium for Spatial Information (CGIAR
CSI). For the GBIF approach, the following criteria were used:
(1) the record was not a duplicate according to the spatial coordi-
nates of the sample, (2) we applied a cut-off at a minimum of 10
records per species for calculating the median location and corre-
sponding climatic computations, and (3) the record was not
located within 50 km of the GBIF headquarters in Copenhagen
(55.68°N, 12.59°E) to minimise the chance that a record was
given a coordinate that corresponded to where the data were
housed, but not where the plant was actually collected.

Statistical analyses

Potential trade-offs in angiosperm trees between total RAP frac-
tion and the percentage of vessels and fibre (including tracheids)
fractions were analysed by plotting these three major xylem tissue
fractions on a ternary axis, including a total number of 1302 indi-
vidual specimens (394 temperate, 428 tropical and 480 subtropi-
cal).

We used nonparametric tests due to the lack of data normality.
In particular, AP fractions were skewed towards smaller values.
The paired-sample Wilcoxon signed-rank test was used for evalu-
ating the differences in parenchyma fractions between roots and
stems (i.e. any part above soil level) within the same species. A
Kruskal-Wallis and a pairwise Wilcoxon test were performed to
detect differences in RAP fractions between conifers, angiosperm
trees, the two specialized angiosperm growth forms (climbers and
succulents), and between angiosperm trees from different climatic
zones. Spearman’s rank correlation coefficients were calculated to
analyse the correlation between the tissue fractions of the three
main xylem cell types: RAP, vessels and fibres (including trachei-
ds).

The parenchyma data for which exact locations were known
were analysed separately to the data for which only GBIF-derived
climate data was known. We analysed the effect of MAT, MAP
and altitude on the proportion of parenchyma using a general
additive model (GAM) with a binomial distribution using the
mgcv package (Wood, 2006). No further GAM analyses were
carried out on PET, Al and MPDQ due to a high co-linearity
between these variables with MAT and MAP (Fig. S2). Each
explanatory variable was fitted with a smoother and the maxi-
mum effective degrees of freedom (edf, which determines the
amount of smoothing) were limited to three partitions. All
smooth terms are centred when fitting a GAM in order to ensure
model identifiability (Wood, 2006). GAM models were carried
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out on angiosperms only because the sample size was insufficient
for conifers. All statistical analyses were performed using R (R
Development Core Team, 2010).

Results

Overview of the core dataset

Within the core dataset of 1727 entries, there were 36 records for
woody roots and 1691 records for woody stems. The latter can
be further subdivided into 1520 records of trunks or branches of
angiosperm trees, 89 records of trunks or branches of conifer
trees, 32 records of stems from woody climbers and 50 records of
stems from woody succulents (see Table 1 for an overview). In
general, there was a 29-fold variation in RAP fractions, with total
fractions varying from 3.4% in Thuja occidentalis (a coniferous
tree) to 99% in Adenia glauca (a pachycaul succulent from the
Passifloraceae family).

Validation of the dataset

A close agreement between the literature data and our mea-
surements was found when comparing 10 tree species
(#=0.571) and 14 genera (#=0.920) for total RAP per-
centages (Fig. S3). The agreement at the genus level was
lower for the individual RP and AP data, but still significant
(=039, P<0.05, =15 and #=0.777, P<0.0001,
n=12 for RP and AP, respectively). However, no significant
correlation occurred when comparing the RP and AP frac-
tion data from our measurements with literature data for the
same species (#z=14 and 8 for RP and AP, respectively),
indicating that there were either potentially important con-
cerns with AP or RP fractions reported in literature for any
given species due to varying methodologies, intraspecific dif-
ferences or interspecific variation. The latter two concerns
could be due to developmental age, the organ or sampling
position. AP in particular seems to be the most problematic

Table 1 Data summary of the global xylem parenchyma dataset compiled
from the literature with respect to the total number of entries, literature
sources, taxa (including angiosperms and gymnosperms) and parenchyma
tissue fractions in wood

RP AP RAP

n entries 1502 1282 1582
n resources 48 38 50
n species/ 1265/542/119 1142/518/113 1364/596/123

genera/

families
Mean (%) 17.4 7.2 27.2
Median (%) 16.4 33 22.6
Min (%) 2.3 0 3.4
Max (%) 68.4 74 929
cv 45.4 129.8 57.9

RP, ray parenchyma; AP, axial parenchyma; RAP, ray and axial
parenchyma; cv, coefficient of variation.
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to quantify because identifying AP on transverse sections can
be difficult as a consequence of anatomical similarities with
thin-walled living fibres or tracheids (Stokke & Manwiller,
1994; Carlquist, 2014). Therefore, most of our analyses
focused on the more robust RAP data, whereas conclusions
about the relative contribution of RP and AP should be
interpreted with caution.

Differences between organs, growth forms and
angiosperms vs conifers

The differences in parenchyma percentage between roots and
stems (including both trunks and branches) were not profound.
Slightly higher RP fractions were found in roots than in trunks
and branches (paired-sample Wilcoxon signed-rank test,
V=205, P=0.04, n=23), whereas the difference in AP and total
RAP was not significant (V=91.5 and 292, P>0.05, =22 and
31, respectively).

Data for both trunks and branches showed no significant dif-
ference in RP, AP and RAP fractions (V=237-298.5, P> 0.05,
n=33-34). Therefore, trunks and branches were pooled together
and their average was used for further analyses.

Significant differences in RAP fractions were detected between
conifer and angiosperm trees, and between specialised growth
forms (stem succulents and lianas), within the angiosperm group,
using stem (i.e. trunk or branch) data only (Kruskal-Wallis test,
y?=118.6, P<0.001, df=3; Fig. 3). Stem succulents showed
the highest values of RAP (mean = SD: 70.2 4= 22.0%, »=50),
followed by lianas (50.1 = 16.3%, n=28), and angiosperm trees
and shrubs (26.3 &= 12.4%, n=1384), whereas conifers exhibited
the lowest fraction of RAP (7.63 +2.6%, n=2389, Fig. 3a). In
angiosperm trees, there were many entries with rather high RAP,
for example 136 entries (118 species) showed total RAP fractions
>50%.

In addition to the total RAP percentage, the contribution of
RP and AP was analysed (Fig. 3b), although these data should be
interpreted with caution as mentioned above. The information
on RP and AP fractions was available for stems of 14 conifer
species, 1205 angiosperm tree species, 9 climbers and 32 succu-
lents. Again, conifers showed much lower fractions of both RP
and AP (RP, 8.1 £2.7%; AP, 1.7 £2.2%) than angiosperm
trees (RP, 17.7 £ 6.3%; AP, 6.6 & 8.5%, Fig. 3b). Climbers in
our dataset had the highest fraction of AP (29.3 & 10.2%),
whereas RP was relatively low (12.5 £ 2.7%). Succulents showed
a high fraction of both RP and AP (RP, 43.5 £ 14.3%, AP,
20.8 & 18.1%, Fig, 3b).

Climate and RAP fractions

Differences in RAP fractions in angiosperm trees (including some
shrubs) growing in various climatic zones were analysed for 399
temperate, 442 tropical and 543 subtropical specimens (Kruskal—
Wallis test, X2:224.9, P<0.001, df=2), with mean values of
21.1% (£7.9), 22.2% (£ 9.3 and 36.2% (& 13.4) for temper-
ate, subtropical and tropical angiosperm specimens, respectively
(Fig. 4a). The amount of AP appeared to be the main driver of
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Fig. 3 Parenchyma tissue fractions (%) across different woody plant
groups and growth forms. Because of inherent differences in wood
anatomy between conifer and angiosperm trees, both groups are analysed
separately. The lowest parenchyma fractions are found in conifers,
followed by angiosperm trees (including some shrubs), climbers and
succulents. The percentage of total parenchyma (including axial and ray
parenchyma) is shown in (a), with the ray and axial parenchyma
contribution for the same groups given in (b). The box plot in (a) shows
the median, 25" and 75" percentiles, error bars demarcating 10" and
90" percentiles, and open circles showing outliers. Different letters above
boxes indicate statistical significance between groups (Kruskal-Wallis test,
P <0.05). Bars in (b) represent mean values + SD. The number of
specimens for (a) (with the number of specimens for (b) between brackets)
is: n gymno tree =89 (14), n angio tree = 1384 (1205), n climber=28 (9),
and n succulent=50 (32).

Succulent

Gymno tree Angio tree

this difference. The total AP fraction was 13.8% (& 11.0) in
tropical trees, whereas it was between 4% and 5% in temperate
and subtropical trees (see Fig. 4b). By contrast, average RP frac-
tions spanned a narrow range from 16.4% (&£ 5) in temperate to
19.4% (& 6.8) in tropical trees.

The ternary axis (Fig. 5) revealed that a higher contribution of
RAP occurred mainly at the expense of fibres, particularly in
tropical and subtropical trees, whereas total vessel fractions were
typically between 5% and 20%, and on average 14.6%. A
strongly negative correlation was found between the tissue frac-
tions for RAP and fibres (including tracheids) for all biomes,
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Fig. 4 Parenchyma tissue fractions (%) in angiosperm trees classified
according to the temperate, subtropical and tropical biome, showing the
total parenchyma fraction (a) and the individual contributions of ray and
axial parenchyma (b). The box plot in (a) shows the median, 25" and 75t
percentiles, error bars demarcating 10" and 90'" percentiles, and open
circles showing outliers. Different letters above boxes indicate statistical
significance for tropical species compared to temperate and subtropical
trees (Kruskal-Wallis test, P <0.05). Bars in (b) represent mean

values = SD. The number of specimens for (a) (with the number of
specimens for (b) between brackets): n temperate =399 (399), n
tropical =442 (287), n climber =28 (9), and n succulent =50 (32).

especially the tropical climate (Spearman’s r=—0.75, P<0.001
for all biomes; Table 2). Fibre tissue fractions (F) were most neg-
atively correlated with vessel tissue fraction (V) in temperate and
subtropical species (r=—0.66, and —0.59, respectively;
P<0.001), whereas a negative relationship between RAP and V
was only weakly significant for temperate and tropical climates
(r=—0.21 and —0.18, respectively; 2<0.001; Table 2). In some
temperate trees, the relatively high vessel fractions represented
ring-porous species with narrow growth rings that have a high
proportion of early-wood and, therefore, many wide vessels.

There was a strong agreement between the climatic data
derived from the sampling locations and those derived from the
GBIF locations (Fig. S4). There was a clear difference between
angiosperms and conifers, as we found only significant correla-
tions between RAP and MAT, and between RAP and MAP for
angiosperms. Moreover, due to a low sample number (90
records, 61 species) and limited number of locations, no climatic
GAM analyses were performed on conifers.

The GAM models showed that MAT was the main driver for
RAP in angiosperms (F o4 267=37.21, pseudo—l’?2 =21.05%,
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Fig. 5 Ternary plot showing the contribution of the three principal tissues in wood: the total amount of ray and axial parenchyma (RAP, %), vessels (V, %),
and fibres (including tracheids) (F, %). Each dot represents a specimen. The trade-off between RAP and F tissue fractions shows a strongly negative
correlation for all data and is especially clear in the tropical biome (see Table 2). Specimens are grouped according to three major climatic zones, which

follow Koppen (1936).

Table 2 Spearman’s rank correlation coefficients showing the trade-offs
between the tissue fractions of three major xylem cell types, which were
analysed for three major biomes (temperate, subtropical, tropical)

Correlation All biomes Temperate Subtropical Tropical

RAP vs F —0.752%** —0.480%*** —0.688*** —0.856%***
RAP vs V —0.153*** —0.210%** —0.066 —0.176%***
FvsV —0.427%%* —0.661*** —0.591*** —0.279%**

See Fig. 5 for a visual plot. RAP, ray and axial parenchyma; F, fibres
(including tracheids); V, vessels. ***, P <0.001.

P-value <0.001; for exact locations, and £} o5, 218 =48.22, pseudo-
R =31.65%, P<0.001 for GBIF locations, Fig. 6a). However, the
effect of MAT on RAP was nonlinear, with RAP fractions increas-
ing with MAT values in hot environments (> = 17°C), but not for
species in colder environments. When analysing the effect of MAT
on AP and RP fractions separately, GAM models revealed signifi-
cant associations for both when controlling for altitude and precipi-
tation (Fig S5a, S6a; Tables S2, S3).

The relationship between MAP and RAP was also significant,
although the pseudo-R* values were very low compared to those
of MAT (Fig. 6b; Tables S2, S3). Although significance was
found for the relationship between MAP and RP (Fig. S6b), this
was not the case for AP (Fig. S5b; Tables S2, S3). When control-
ling for MAP and MAT, RAP increased significantly with alti-
tude (Fig. 6¢), but these altitudinal trends were nonsignificant or
significant for AP and RP, depending on whether the data were
based on the exact locations or GBIF (Figs S5¢, S6¢).

A separate GAM model between total RAP fraction and
temperature also supported a quadratic latitudinal trend (Fig. 7),
for both exact locations (F 95, 267=27.01, pseudo—RZZ 18%,
P<0.001) and species from the GBIF locations
(Fi.06. 215=31.81, pseudo-R* =24.1%, P<0.001). The latter
suggests that RAP increased significantly the closer the sampling
location was to the equator for both datasets.

Discussion

The global ray and axial parenchyma (RAP) dataset compiled
demonstrates that RAP tssues show a 29-fold variation in
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abundance, which agrees with previous reports across seed plants
(Fujiwara eral., 1991; Martinez-Cabrera ezal., 2009; Zheng &
Martinez-Cabrera, 2013; Zieminska ezal, 2013, 2015). A key
finding is that RAP amounts in wood, especially axial
parenchyma (AP), are driven by temperature (Fig. 6a). Albeit,
precipitation also showed a significant relationship with RAP in
the general additive model (GAM) models when controlling for
altitude and mean annual temperature (MAT), although far less
so than temperature (Fig. 6b; Tables S2, S3). Mean annual pre-
cipitation (MAP) showed a negative trend in the GAM models,
with increasing amounts of RAP towards drier environments,
which is what we expected. The temperature effect is also
reflected in the latitudinal trends for RAP, especially in the north-
ern hemisphere. However, our analyses did not support the
expected difference between subtropical and temperate species
(Fig. 4b). Also, no significant difference was found in the RAP
tissue fraction between tropical wet environments and tropical,
seasonally dry areas (data not shown).

Other drivers of RAP tissue fractions include growth forms. It
is clear that lianas and succulents represent two growth forms that
show higher fractions of RAP than self-supporting angiosperm
trees. Within the tree and shrub growth form, tropical plants
have higher levels of RAP than temperate and subtropical ones
(Figs 4, 5), supporting previous studies based on qualitative
(Baas, 1982; Segala Alves & Angyalossy-Alfonso, 2002; Wheeler
etal., 2007) and quantitative approaches (Martinez-Cabrera
etal., 2009). A novel finding is that RAP levels in tropical plants
are mainly due to an increase in AP, whereas RP levels remain
more conservative in trees across the three major biomes analysed
(Fig. 4b). This finding is not as transparent in the GAM models
(Figs S4, S5), as both RP and AP are highly associated with tem-
perature. However, where RP amount gradually increases with
temperate, AP remains unwavering until ¢. 17°C and then rises
sharply and exponentially with temperature. This is the reason
AP is so high in the tropics compared to both temperate and sub-
tropical regions (Fig. 4b).

Explaining why some factors may drive the RAP level whereas
others have little or no influence requires a more detailed under-
standing of RAP functions (Fig. 2), especially those related to
storage capacity, resistance to drought stress, frost resistance,
defence mechanisms and mechanical properties.
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RAP fractions in relation to NSC storage capacity

Storage of nonstructural carbohydrates (NSCs) is arguably one of
the most widely accepted functions of RAP in wood. As far as we
know, however, the hypothesis that high amounts of RAP corre-
spond to higher storage capacity of NSCs as yet has not been
tested in a direct, quantitative way. The assumption that higher
amounts of RAP, and therefore a higher NSC capacity, should
occur in roots when compared to stems could only partly be con-
firmed. We found no significant differences between stems and
roots in total RAP and AP fractions, but did find higher levels of
RP in root wood than in stem wood. As this finding came from a
small sample set (7=21-30), it is premature to make generalisa-
tions. A higher fraction of RP in roots than stems has been
observed previously (Gasson & Cutler, 1990; Stokke & Man-
willer, 1994; Machado ez al., 2007) and may be associated with a
reduced need for mechanical cells such as fibres in addition to
increased storage capacity of roots. Aside from RP fractions,
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deviance explained by each explanatory
variable.

different cell dimensions of RP have been reported in roots, espe-
cially a general increase in width of the entire ray and the individ-
ual ray cells, and a tendency towards more heterocellular rays in
roots than in stems (Patel, 1965; Gasson & Cutler, 1990; Denne
& Gasson, 2008).

When considering the storage capacity of RAP we would also
expect to find higher RAP fractions in plants from temperate sea-
sonal climates. However, we did not find much support for this
hypothesis due to lower RAP fractions in trees from temperate
compared to tropical biomes. RAP are not the only wood-tissue
storing NSCs; septate or living fibres also do so (Webber, 1936;
Yamada ez al., 2011; Carlquist, 2014).

RAP fractions and drought stress

It is possible that high RAP fractions in wood benefit plants in
dry conditions by conferring high hydraulic capacitance, which
could prevent embolism formation, or facilitate embolism
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Fig. 7 The effect of latitude on the proportion of ray and axial parenchyma
(RAP) in angiosperm wood based on a general additive model with a
binomial distribution for the exact location dataset (red) and the Global
Biodiversity Inventory Facility (GBIF) derived climate data (blue). The
latitude variable was limited to three partitions. The solid line represents
the fitted smoother; 95% confidence intervals are shown in colour. Each
dot represents a specimen for which the sampling location was reported in
literature, or climate data obtained from the WorldClim database. Pseudo-
R? measures the approximate deviance explained by latitude.

refilling (Fig. 6b). Support for a drought related function of RAP
is provided by the high levels of RAP in stem succulents. With an
average of 70.3% RAP in succulents, it can be speculated that
wood parenchyma not only stores a considerable amount of
water, but also provides symplastic connections with bark and
pith that both serve as important water reservoirs (Borchert &
Pockman, 2005; Scholz eral., 2007; Hearn, 2009; Hearn ezal.,
2013; Pfautsch ez al., 2015). However, the large RAP variation in
dry and seasonally dry environments suggests that plants have
various strategies to survive these conditions, with stem succu-
lents having large parenchyma fractions whereas other species
may show comparatively few RAP. It has been suggested that ves-
sel-associated RAP may be involved in the embolism refilling
process by releasing sugars and water into embolised conduits
(Bucci etal., 2003; Salleo etal, 2004; Brodersen eral, 2010;
Brodersen & McElrone, 2013). Although embolism repair
remains controversial and poorly understood, refilling on a daily
basis may not occur in conifers, which could be owing to their
low RAP fractions (Choat ez al., 2014).

RAP fractions and temperature

Temperature is associated with RAP fractions in the secondary
xylem, much more so than rainfall. This finding agrees with
Moles et al. (2014), who found that 15 out of 21 plant traits are
more strongly correlated with temperature than with precipita-
tion. The high levels of RAP in tropical plants could be linked to
the greater plant diversity in the tropics and the dominance of
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various families with high RAP levels (e.g. Fabaceae, Moraceae).
Alternatively, particular functions associated with RAP (e.g.
defence against pathogens, hydraulic capacitance) could be more
important in tropical environments than in temperate regions. It
is possible that protection against cold, including tolerance to
extracellular freezing and freeze dehydration, or freeze avoidance
by super-cooling, is an energy-demanding process (Quamme,
1991; Neuner, 2014), which could therefore be an important fac-
tor in reducing the RAP fraction in woody plants exposed to frost
or freezing events. Also, two conifer genera growing in the tropi-
cal/subtropical mountains of the southern hemisphere (Podocar-
pus spp. and Dacrydium spp.) have higher RAP fractions than
conifers from cool temperate regions (Braun, 1984). Similarly,
Pinus canariensis from the warm islands of Tenerife and La Palma
have RAP averages of 14.5%, with AP values accounting for 3%
of this (Climent et 4l., 1998).

RAP fractions as a defence system

RAP fractions might also play a large role in defence against the
spread of decay via pathogenic fungi, viruses and bacteria. The
presence of RP may prevent the lateral spread of fungi, whereas
AP does the same for axial movement (Boddy & Rayner, 1983;
Shigo, 1984; Biggs, 1986). Because both RP and AP may accu-
mulate anti-microbial compounds such as phytoalexins, phenolic
compounds and suberin, which all act to inhibit fungal spread
(Biggs, 1987), trees with high RAP fractions might be more resis-
tant to brown rot fungi and therefore be better overall compart-
mentalisers of decay than trees with lower RAP fractions
(Schwarze et al., 2003).

In agreement with the defence role, the amount of RAP is
higher in the sapwood of trees that have recovered from patho-
genesis (Tippett & Shigo, 1981; Schmitt & Liese, 1990; Arbellay
etal., 2010, 2012). Interestingly, another study across seven tree
species from the Amazon found that high parenchyma abundance
and wide dilating rays were associated with poor compartmentali-
sation of decay, but this was offset by fast wound closure
(Romero & Bolker, 2008). Although in
parenchyma cells in contact with vessels can seal off conduits by

angiosperms,

way of tyloses or gum deposits to avoid the spread of decay
(Biggs, 1987; Bonsen & Kucera, 1990; Schmitt & Liese, 1992;
Sun ezal, 2007), defence in gymnosperms mainly lies in the
occlusion of tracheids via aspiration of the torus-margo bordered
pits (Fuhr ez al., 2013), and the production of abundant polyphe-
nolic compounds and traumatic resin ducts in Pinaceae and
Cupressaceae (Phillips, 1948; Hudgins ez al., 2004). Such a strat-
egy is therefore consistent with a lower RAP fraction in conifers.
By contrast, a higher fraction of RAP in the tropics might be
driven by a greater incidence of biotic stress when compared to
temperate environments (Bagchi ezal, 2014). The evolutionary
‘arms race’ with pathogens and insect herbivores may require the
deployment of more RAP or the synthesis of a more diverse suite
of secondary compounds by RAP in order to enhance tree
defence abilities. However, the trade-off between RAP and fibre
tissue fractions (Fig. 5) may also suggest that high RAP fractions
could equally decrease the defence capacity.
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RAP and mechanical properties

Because the amount of RAP occurs mainly at the expense of
fibres, one would also expect important effects on wood mechani-
cal properties. It has long been assumed that parenchyma cells
often have larger lumina and thinner cell walls than fibres, so
high RAP levels should theoretically result in lower wood density
together with a reduced stiffness, but retain a higher elasticity.
However, rays in Liguidambar were found to have a higher speci-
fic gravity than surrounding tissues because the ratio of cell wall
to lumen was relatively high (Taylor, 1969). Moreover, in a study
of 69 angiosperm species it was found that the main driver of the
modulus of elasticity (defined as the ratio of tensile stress to ten-
sile strain) was fibre wall fraction rather than RAP fraction
(Zieminska eral., 2015). However, that study only looked at
species within a small wood density range and the results should
be treated with caution.

Several authors have suggested that wide rays, which are com-
mon in lianas, allow vessel-bearing segments to twist without
rupturing, which may also explain the occurrence of nonlignified
or less lignified ray parenchyma cells in climbing plants (Schenck,
1893; Haberlandt, 1914; Sieber & Kucera, 1980; Gartner, 1991;
Putz & Holbrook, 1991). Additional explanations for the high
amount of RAP in lianas can be linked with dedifferentiation of
parenchyma, allowing rapid recovery from injury, especially after
tree fall (Dobbins & Fisher, 1986; Fisher & Ewers, 1991; Busch
etal., 2010), and their ability to clone readily when detached
from the parent plant (Putz, 1984; Yorke etal, 2013). A
mechanical role of RAP dependent on their turgor pressure has
also been suggested in Adansonia (Chapotin et al., 2006), with
RAP in this species occupying as much as 90%.

General conclusion

The 29-fold variation in the parenchyma fraction is associated
with temperature-driven differences between tropical, subtropi-
cal and temperate woody plants, as well as with different
growth forms such as succulents and lianas. The ecological
trends discussed suggest ways for further research into how
RAP plays a role in woody plant function in the storage of
NSCs and water, defence against pathogens and resilience to
damage. Various functions of RAP in wood have been sug-
gested and it is generally not clear which function takes
precedence in a given situation. Based on the available evi-
dence, this may depend on climate, plant organ, and the
potential partitioning in the functional roles of RP and AP
(Zheng & Martinez-Cabrera, 2013). Also, the total RAP per-
centage does not reflect the spatial, three-dimensional arrange-
ment of the parenchyma network and its connectivity to
other xylem tissues. More research is also needed to test the
within tree variation of RAP %, which would involve labour-
intensive studies with careful and well-planned sampling. Fur-
ther research based on observational evidence is needed to
investigate the role of parenchyma in more detail, such as the
spatial patterns of parenchyma networks and, along with this,
to test the hypotheses presented in this paper.
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The amount of parenchyma and living fibers affects
storage of nonstructural carbohydrates in young stems

and roots of temperate trees’

Lenka Plavcova®*, Glinter Hoch? Hugh Morris?, Sara Ghiasi? and Steven Jansen?

PREMISE OF THE STUDY: Concentrations of nonstructural carbohydrates (NSCs) are used as proxies for the net carbon balance of trees and as indicators of
carbon starvation resulting from environmental stress. Woody organs are the largest NSC-storing compartments in forest ecosystems; therefore, it is es-
sential to understand the factors that affect the size of this important storage pool. In wood, NSC are predominantly deposited in ray and axial parenchyma
(RAP); however, direct links between nutrient storage and RAP anatomy have not yet been established. Here, we tested whether the NSC storage capacity
of wood is influenced by the amount of RAP.

METHODS: We measured NSC concentrations and RAP fractions in root and stem sapwood of 12 temperate species sampled at the onset of winter dor-
mancy and in stem sapwood of four tropical trees growing in an evergreen lowland rainforest. The patterns of starch distribution were visualized by stain-
ing with Lugol’s solution.

KEY RESULTS: The concentration of NSCs in sapwood of temperate trees scales tightly with the amount of RAP and living fibers (LFs), with almost all RAP
and LFs being densely packed with starch grains. In contrast, the tropical species had lower NSC concentrations despite their higher RAP and LFs fraction
and had considerable interspecific differences in starch distribution.

CONCLUSIONS: The differences in RAP and LFs abundance affect the ability of sapwood to store NSC in temperate trees, whereas a more diverse set of

functions of RAP might be pronounced in species growing in a tropical environment with little seasonality.

KEY WORDS axial parenchyma; carbohydrates; living fibers; rays; starch; storage; wood; xylem

Nonstructural carbohydrates (NSCs, including mono-, di-, oligo-,
and polysaccharides) are the direct products of plant photosynthe-
sis that can be stored in various plant tissues and used as substrate
for growth and various metabolic processes. The amount of NSCs
available in a plant is considered an important indicator of the net
carbon balance in woody plants, although the functional role and
the active or passive regulation of NSC storage are not fully under-
stood (Kozlowski, 1992; Hoch, 2015). Nonstructural carbohydrate
levels have traditionally been studied with respect to seasonal cycles
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of growth and dormancy (Drossopoulos and Niavis, 1988; Saranpda
and Holl, 1989; Sauter and van Cleve, 1994). More recently,
they have been investigated in relation to growth limitation
(Korner, 2003; Sala and Hoch, 2009; Wiley and Helliker, 2012), al-
titudinal boundaries for forests (Hoch et al., 2002), plant survival
under limited resource conditions, increased atmospheric CO, lev-
els, and drought-induced tree mortality (McDowell et al., 2008;
Anderegg et al., 2012; Galvez et al., 2013). Although developmental
shifts are likely between seedlings and mature trees, wood provides
the largest NSC-storing compartment among all tree tissues (Hoch
et al., 2003; Wiirth et al., 2005), with an additional role for paren-
chyma cells in the pith and bark (Essiamah and Eschrich, 1985).

In wood, NSCs are predominantly deposited in ray and axial pa-
renchyma (RAP). Ray parenchyma (RP) represents a series of pro-
cumbent, square, or upright cells produced by ray initials that
extend radially from the cambium. Besides storage, RP facilitates
radial conduction of NSCs, water, and other substances and enables
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their exchange between phloem and xylem, although the mecha-
nisms of this trafficking remain poorly understood (Van Bel, 1990;
Sokolowska and Zagorska-Marek, 2012; Pfautsch et al., 2015). Axial
parenchyma (AP) is made up of axially elongated cells, which are
often organized in strands. The AP has been suggested to be in-
volved in NSC storage and transport, similar to the RP (Braun and
Wolkinger, 1970; Baas, 1982; Braun, 1984; Carlquist, 2001). Abundant
AP may not only increase the physical space available for storage
but could also enhance connectivity between RP and AP.

While NSC storage and dynamics appear tightly coupled to RAP
anatomy and physiology (reviewed by Plavcova and Jansen, 2015),
direct links between structural and functional RAP traits have not
yet been established. Elucidating firm connections between struc-
tural and functional traits has a long tradition in the field of func-
tional and ecological wood anatomy. While most research to date
focuses on the functional anatomy of xylem conduits, providing us
with a better understanding of xylem water transport (Baas, 1982;
Carlquist, 1984; Hacke and Sperry, 2001; Jansen et al., 2009), the
current study used a similar approach to shed more light on the role
of RAP in NSC storage. More specifically, we tested whether the
amount of RAP found in wood is a structural proxy for the NSC
storage capacity of wood.

As most of the wood biomass consists of dead, protoplasm-free
fibers and conduits, the total volume of RAP should place a limita-
tion on the amount of NSC that can be stored. The proportion of
RAP in wood, usually expressed as the percentage area of RAP rela-
tive to the total wood cross-sectional area, varies greatly across spe-
cies. In gymnosperms, the RAP area fractions are commonly
between 5 and 10% (Panshin and de Zeeuw, 1980), while in angio-
sperms, the RAP proportions are higher, typically between 20 and
50% (Martinez-Cabrera et al., 2009; Fichtler and Worbes, 2012;
Zheng and Martinez-Cabrera, 2013; Zieminska et al., 2013). Frac-
tions higher than 80% have also been observed in some woody suc-
culents and climbers (Mauseth and Plemons-Rodriguez, 1997;
Hearn, 2009). Interestingly, RAP fractions tend to be higher in
tropical than temperate angiosperm trees (Morris et al., 2016). The
higher RAP fractions of tropical species might be surprising at first
sight when considering that the storage function is likely to be less
active in tropical environments with a weak seasonality. However,
RAP has multiple functions beyond storage of NSCs, such as stor-
age of water (capacitance), embolism refilling, symplastic connec-
tivity, and various functions related to defense and resilience to
disturbance (for an overview, see fig. 2 of Morris et al., 2016). More-
over, the storage capacity provided by RAP may not always be fully
used. For instance, it is well known that NSC content of wood fluc-
tuates seasonally in both temperate (Sauter and van Cleve, 1994;
Barbaroux et al., 2003) and tropical environments (Newell et al.,
2002; Wiirth et al.,, 2005). Besides seasonal variation, there can be
differences in NSC distribution between vessel-associated RAP
cells and the RAP cells that are not in direct contact with vessels
(Braun and Wolkinger, 1970; Czaninski, 1977; Braun, 1984).

In many species, living fibers (LFs) accumulate starch and hence
contribute to NSC storage in addition to RAP. LFs, defined as fibers
that retain living protoplasts, are either septate or nonseptate, and
vary interspecifically in their lumen diameter to wall thickness ratio
(Fahn and Leshem, 1963; Wolkinger, 1970; Carlquist, 2014). The
occurrence of LFs is, however, poorly documented in woody plants,
and their anatomical and functional distinction can be difficult to
make due to a structure-function continuum with AP (Carlquist,
2014). A storage function has been suggested for septate fibers

(Carlquist, 2001), which are twice as common in tropical as in
temperate trees (Wheeler et al., 2007). Similar to AP, septate fibers
often have thin secondary walls that distinguish them from thick-
walled living and nonliving fibers. In contrast, nonseptate LFs,
which are found, for instance, in maples, often have thick second-
ary walls (Carlquist, 2001, 2014). Providing that the thicker cell wall
occurs at the expense of cell lumen volume, it is reasonable to ex-
pect that thick-walled LFs are less efficient in storage than septate
fibers or AP.

The main goal of this study was to test whether the amount of
NSCs stored in wood is linked with RAP and LF abundance, and to
quantify the relative contribution of RP, AP, and LFs to storage
function. To achieve this goal, we measured NSC concentration in
root and stem sapwood of 12 temperate species, including 10 an-
giosperm trees, one conifer tree and one woody climber. Samples
were collected at the onset of winter dormancy when the NSC con-
centration is expected to be at its maximum. We measured the area
fractions of RP, AP, and LFs and visualized starch in situ. We ex-
pected that species with a relatively high amount of RAP, such as
pedunculate oak (Quercus robur) and black locust (Robinia pseudo-
acacia), would show higher concentrations of NSC in wood than
species with a low RAP fraction, for example, in horse chestnut
(Aesculus hippocastanum) and Norway spruce (Picea abies). We
also hypothesized that more NSC would be stored in woody roots
than stems and that this pattern will be paralleled by a higher RAP
abundance in the roots (Pate et al., 1990). Complementing the data
obtained for temperate trees, NSC content, the presence of starch,
together with RAP fractions, were measured in the stems of four
tropical tree species growing in a lowland rainforest in Costa Rica.
We expected to find higher RAP proportions in tropical species
(Morris et al., 2016), but with NSC levels not necessarily as high as
those of temperate species because tropical species are always ac-
tively growing, whereas the temperate were sampled at the onset of
winter dormancy. Nevertheless, we anticipated a positive correla-
tion between the amount of NSCs and the amount of RAP across
the four tropical species.

MATERIALS AND METHODS

Plant material—Young woody roots and stems of 12 temperate
species (Table 1) were collected from mature trees (more than 3 m
tall) growing in a forested area surrounding the Ulm University
campus, which included the arboretum of the Botanical Garden of
Ulm University (48°25'N, 9°58’E), and a forest strip along the Iller
River, 2 km south of Ulm (48°22'N, 9°60’E). These areas experience
a temperate climate with a mean annual temperature of 8.9°C and
mean annual precipitation of 726 mm (climate-data.org). The roots
were collected from a depth of 10-50 cm at 1 to 2 m from the root
collar. The stem samples were removed from the end regions of
subcanopy lateral branches cut at a height of 2 to 3 m with the aid
of a telescopic pruning pole. All roots and stems were between 0.5
and 1.5 cm in diameter, which corresponded to a root or stem age
of 3 to 8 yr. All samples consisted of juvenile sapwood with no
heartwood formation apparent on the cross-section after visual in-
spection. By avoiding heartwood, we were sure that all RAP cells in
our samples were living, and therefore capable of storing NSC.
During the last week of October 2014, six root and stem samples
from three separate individuals of each species were collected and
prepared for NSC analyses. Samples for wood anatomy and wood
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TABLE 1. Temperate and tropical species studied.

Species Family Abbreviation

Temperate
Aesculus hippocastanum L. Sapindaceae Ah
Acer pseudoplatanus L. Sapindaceae Ap
Carpinus betulus L. Betulaceae Cb
Clematis vitalba L. Ranunculaceae Cv
Fraxinus excelsior L. Oleaceae Fe
Fagus sylvatica L. Fagaceae Fs
Liquidambar styraciflua L. Altingiaceae Ls
Prunus avium (L) L. Rosaceae Pa
Quercus robur L. Fagaceae Qr
Robinia pseudoacacia L. Fabaceae Rp
Tilia cordata Mill. Malvaceae Tc
Picea abies (L) HKarst. Pinaceae Piab

Tropical
Brosimum sp. Moraceae Bros
Ceiba pentandra (L) Gaertn. Malvaceae Cepe
Pentaclethra macroloba (Willd.) Kuntze Fabaceae Pecl
Warszewiczia coccinea (Vahl) Klotzsch Rubiaceae Waco

density measurements were collected from the same population of
trees, were of a similar size, and came from the same position on the
tree as those used for the NSC analyses. For logistical reasons, the
material for anatomical and wood density measurements was sam-
pled ad hoc throughout the year 2014, which has no effect on the
structural variables measured. Anatomical measurements were car-
ried out on three different root and stem samples per species, while
wood density measurements were made on six different root and
stem samples collected from three individuals of each species.

Stem samples from four tropical species (Table 1) were collected
in the vicinity of the Reserva Bioldgica Tirimbina, Heredia Prov-
ince, Costa Rica (10°24'N, 84°6’"W) using the same protocol as de-
scribed for the temperate trees. The climate of Tirimbina is
described as wet tropical showing little seasonality, with a mean
annual temperature of 25.3°C and mean annual precipitation of
3777 mm (Lapinski and Tschapka, 2013). All samples of tropical
trees were collected on 12 September 2014.

NSC analyses—Root and stem samples prepared for NSC analyses
(n = 6 roots and 6 stems for each species) were taken to the labora-
tory where they were then processed immediately or kept on ice
and processed later on the same day. In the laboratory, the root and
stem samples were cut into 3-cm-long segments, and their bark and
pith were carefully removed. The wood samples were heated in a
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microwave oven at 600 W for 40 s to deactivate the NSC-modifying
enzymes (Popp et al., 1996). They were then dried to a constant
mass at 80°C for 2 d and sent to the Plant Ecophysiology Labora-
tory at the University of Basel for NSC content analyses. NSCs, de-
fined here as the sum of starch together with the three most
abundant low molecular weight sugars (i.e., sucrose, glucose, and
fructose), were analyzed photometrically following a slightly modi-
fied protocol described by Hoch et al. (2002). While various proto-
cols can be used for NSC concentration measurements, the method
of Hoch et al. (2002) is well established and broadly agrees with
other methods based on a recent comparison among 29 different
laboratories (Quentin et al., 2015). Approximately 10 mg of plant
powder was extracted with 2 mL distilled water at 100°C for 30 min.
A sample of the extract was used for the determination of low
molecular carbohydrates after enzymatic conversion of fructose
and sucrose to glucose. The concentration of total free glucose
was then determined photometrically after enzymatic conversion
of glucose to gluconate-6-phosphate using a glucose hexokinase
(GHK) assay reagent (G3292, Sigma-Aldrich, St. Louis, Missouri,
USA). Following the degradation of starch to glucose with amylo-
glucosidase at 49°C overnight, the NSCs were determined in a sep-
arate analysis. The concentration of starch was calculated as NSC
minus the free low molecular carbohydrates. Tissue concentrations
were given as percentage dry matter.

The gravimetrically based concentrations (in mg-g™') were also
converted to volume-based values (in mg-cm™) using data on wood
density. Wood density was measured by the water displacement
method. Root or stem segments about 3 cm in length (n = 6 roots
and 6 stems per species) were cut and debarked. Stem segments
were additionally split in half, and the pith was removed. Each seg-
ment was then immersed, with the aid of a dissecting needle, into a
water-filled beaker resting on an electronic balance, where upon
the mass of the displaced water was recorded. All segments were
then oven-dried at 80°C to a constant mass, and wood density was
calculated by dividing the wood dry mass by the volume of the wa-
ter displaced.

Wood anatomy and starch distribution—Root and stem segments
(n =3 roots and 3 stems for each species) collected in the field were
cut into 1-cm-long pieces and stored in 70% ethanol at 4°C until
sectioned for anatomical observations. Upon rehydration in dis-
tilled water, transverse sections about 40 pum thick were prepared
with a sliding microtome. The sections were immersed in a mixture
of 0.35% w/v safranin (in 50% ethanol) and 0.65% w/v alcian blue

TABLE 2. Fixed effects estimates (means £SE) for organ (root and stem) and climate (temperate and tropical) on concentrations of total nonstructural
carbohydrates (NSCs), starch, and soluble sugars and on the amount of ray and axial parenchyma (RP + AP = RAP) and living fibers (LFs). Statistical significance
was tested by comparing full and reduced models using the likelihood ratio test. Test statistics (L), degrees of freedom (df), and corresponding P values are
shown. Statistically significant results (P < 0.05) are indicated in bold. To corroborate the results of the likelihood ratio tests, AAIC values were calculated, which
represent the difference in Akaike information criterion values between the reduced and full model.

Organ (stem relative to root)

Climate (tropical relative to temperate)

Variable Mean + SE L df P value AAIC Mean + SE. L df P value AAIC
NSC —-105+22 13.1 1 <1073 1.1 —63%+1.7 10.0 1 0.002 4
Starch —-98+2.1 12.2 1 <1073 10.2 -6.7+1.7 10.5 1 0.001 49
Sugars -0.7%£0.2 12 1 <1073 10.0 04+04 0.7 1 0.391 -1.2
RAP + LFs -11.1+£18 17.2 1 0.007 15.2 95+6.7 2.0 1 0.158 03
RAP -89+18 13.8 1 <1073 11.8 129+£52 54 1 0.020 38
RP -50%09 249 1 <1073 229 38+25 2.2 1 0.136 20
AP -39+19 36 1 0.058 16 9.1+£56 26 1 0.110 0.6
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(in distilled water) for 2 min, thoroughly washed with distilled
water, then gradually dehydrated through an ethanol series before
being mounted on a slide in Neo-Mount (Merck Millipore, Darm-
stadt, Germany). Digital images were captured at a 150X magnifica-
tion using an Axio Zoom V16 microscope (Zeiss Microscopy
GmbH, Jena, Germany). The relative proportions of ray and axial
parenchyma (RP + AP = RAP) and living fibers (LFs) were mea-
sured on wedge-shaped transects from the root or stem center to
the cambium. Axially oriented thick-walled cells with apparent cel-
lular content were typically considered LFs, while axial cells with a
protoplasm and a thin secondary wall were always identified as AP.
To aid with distinguishing between LFs and thick-walled AP, we
also inspected radial sections of wood to assess whether the axial
cells have a spindle-shaped morphology typical for fibers or are
rectangular and arranged in strands as typical for AP. The different
cell types were outlined manually with the aid of a graphical tablet
(Cintig Companion, Wacom Co., Kazo, Japan) in Photoshop
Elements (v12.1, Adobe Systems, San Jose, California, USA) and
their area proportions were measured in the program Fiji/Image]

(Schindelin et al., 2012). For obtaining the relative proportions of
RAP and LFs, the total surface area occupied by each cell type was
divided by the total surface area of the entire transect measured,
which typically was about 1 mm?

For visualizing the distribution of starch, wood sections were in-
cubated in a drop of 5% w/v aqueous Lugol’s iodine for 2 min. The
samples were then briefly washed in distilled water, mounted in
glycerol, and observed immediately with the Axio Zoom V16
microscope.

Statistical analyses—Mean differences in NSCs and RAP between
organs (roots and stems) and between climate (temperate or tropi-
cal) were tested using linear mixed effects models, where organ and
climate represented the fixed factors and species were treated as a
random factor. The models were constructed in R using the Ime
function available in the nlme package (Pinheiro et al., 2015). The
maximal likelihood method was used to fit the models. Statistical
significance of fixed factors was assessed using the likelihood ratio
tests by comparing the full models to reduced models from which

the fixed factors were eliminated. The validity

A
40

NSCs (% d.m.)

RS RS RS RS RS RS RS RS RS RS RS RS
Rp Tc

Ah Ap Cb Cv Fe Fs Ls Pa Qr

of the models was checked by visual inspec-
tion of residual plots. The Akaike information
criterion for the full and reduced models was
also calculated to confirm the appropriateness
of the model selection. Relationships between
RAP + LFs and NSCs were analyzed by ordi-
nary least squares regression on species- and
organ-level means. All analyses were con-
ducted in R (R Core Team, 2013). Results were
considered statistically significant at P < 0.05.

B starch
O sugars

RESULTS

NSC concentrations—The concentrations of

Piab NSCs and their two main fractions (i.e., starch

temperate angiosperms

conifer and soluble sugars) were significantly higher

in roots than stems (Table 2, Fig. 1A). Overall,
the highest NSC concentration of 39.1 £ 2.7%

(mean * SD) was measured in the roots of

B starch
O sugars

Acer pseudoplatanus, while the lowest concen-
tration (0.9 £ 0.1%) was found in the stems of

10 —

NSCs (% d.m.)

temperate  Bros

angiosperms

Cepe Pecl

Waco

Picea abies. In all species and organs, NSC
were present mainly in the form of starch,
whereas the soluble sugar fraction was less
abundant, typically falling between 1 and 3%.
The NSC and starch concentrations were not
significantly linearly correlated between roots
and stems of the same species, largely because
of the relatively low NSC and starch concen-
trations in Robinia pseudoacacia roots (Fig.
2A). In contrast, there was a significant corre-
lation between the concentrations of soluble
sugars in both organs, which was principally

stem mean

FIGURE 1 Concentration of nonstructural carbohydrates (NSCs) and their division between
starch (dark bars) and soluble sugar (lighter bars) fractions in the root (R) and stem (S) sapwood
of 12 temperate tree species (A) and in the stems sapwood of four tropical species (B). Mean
concentrations (£SD; n = 6) are expressed as percentage dry matter (% d.m.). Abbreviations for

species are defined in Table 1.

tropical angiosperms (stems)

driven by the high soluble sugar fraction found
in Tilia cordata (Fig. 2B).

Stems of tropical trees had on average less
than half the amount of NSC than stems of
temperate angiosperms (Table 2, Fig. 1B). The
difference in NSC concentrations was driven
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FIGURE2 Correlation between mean (SD) root and stem concentrations
of (A) starch and (B) soluble sugars in 12 temperate species. Abbrevia-
tions of species names are defined in Table 1. ns = nonsignificant rela-
tionship (P > 0.05), **significant relationship with P > 0.01; n = 6.
Reference lines showing a theoretical 1:1 relationship are plotted as
dashed lines; solid line represents the linear regression.

by lower starch levels, while the soluble sugar fractions were not
significantly different between temperate and tropical trees (Table
2). However, NSC concentrations varied markedly among the four
tropical species studied. Brosimum sp. showed a NSC concentra-
tion of 7.7 + 3.7%, which is comparable to the lower-end concentra-
tions in the stems of temperate angiosperms. In contrast, Ceiba
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pentandra, Pentaclethra macroloba, and Warszewiczia coccinea had
lower NSC concentrations than any of the temperate angiosperm
species (Fig. 1B).

RAP and LFs anatomy—RP was present in all species investigated
with a mean area fraction of 15.9 £ 5.4%. AP was found in all speci-
mens (mean area fraction 10.0 + 9.0%) except in the stems of Picea
abies and Warszewiczia coccinea. Nonseptate LFs occurred in Clema-
tis vitalba and Acer pseudoplatanus, while septate LFs were found in
Warszewiczia coccinea. In all three species, sparse simple pitting was
observed on the walls of LFs. Overall, roots of temperate species ex-
hibited significantly higher fractions of storage cells (i.e., RAP + LFs)
than stems (34.9 £ 14.8% vs. 23.8 £ 11.9%, Table 2) with the exception
of Robinia pseudoacacia and Quercus robur where the amount of RAP
was comparable between roots and stems, averaging around 33% (Fig.
3A). In most species, both types of wood parenchyma (i.e., RP and
AP) were higher in roots than in stems (Table 2). However, two ring-
porous species, Quercus robur and Robinia pseudoacacia, exhibited
lower AP area fractions in roots compared with stems, and Clematis
vitalba and Fraxinus excelsior showed an increase in AP only (Fig.
3A). RP represented the dominant fraction of the total RAP, with the
contribution of AP being approximately one-third of the total RAP.
On average, the relative contribution of AP to the total RAP was about
5% higher in roots than stems. The presence of LFs was particularly
noticeable in Clematis vitalba, resulting in very high LFs area fractions
of 49.1% and 34.4% in roots and stems, respectively, and virtually all
fibers were alive and filled with starch (Fig. 4A, E).

The amount of living cells (RAP + LFs) tended to be higher in
tropical than in temperate trees (means 34.9 vs. 25.4%, Table 2),
although the difference was not statistically significant, presumably
due to the high LFs fraction in Clematis vitalba. Nevertheless, the
four tropical species had significantly higher fractions of RAP com-
pared with the stems of temperate angiosperms (mean difference +
SE: 12.9 £ 5.2, Table 2). Ceiba pentandra had the highest amount of
RAP reported in this study. The RAP area fraction for the latter
reached 56 + 8.6% and was driven mainly by a high AP content (AP
fraction of 38.4 £ 5.3%; Fig. 3B). In contrast, Warszewiczia coccinea
had a particularly high RP fraction of 25.9 + 1.8% (Fig. 3B). This
value is almost twice as high as the mean RP fraction of all other
stems measured in this study.

Starch localization—Staining with Lugol’s solution was used to vi-
sualize the starch distribution in RP, AP, and LFs (Fig. 4). In tem-
perate species, almost all RAP + LFs cells were filled with starch that
completely occupied the cell lumen with tightly packed grains (Fig.
4A-C, E-Q). Tilia cordata and Picea abies (Fig. 4D, H) were two
exceptions to this pattern, with starch grains being packed more
loosely. In most species, starch grains were present in both vessel-
associated RAP cells and the cells that were not in contact with
vessels, although a tendency for lower starch accumulation in ves-
sel-associated RAP cells was sometimes apparent (Appendix S1, see
Supplemental Data with online version of this article). In the case of
Clematis vitalba, staining was found in the lumina of all fibers, leaving
vessels and tracheids as the only cell types void of starch (Fig. 4A, E,
Appendix S1). Besides RAP and LFs, starch grains were also abun-
dant in parenchyma cells of the perimedullary region (i.e., the re-
gion surrounding the pith) and in some species (Quercus robur,
Carpinus betulus, and Liquidambar styraciflua) were in the pith. In
these species, the amount of starch found in the pith tended to de-
cline as the branch age increased. In roots, the central region with
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between NSCs and RAP + LFs was significant
with 72 > 0.5 when either the data for roots and
stems were analyzed together or when analyzed
separately (Fig. 5A). This relationship became
even stronger when the NSC concentrations
were expressed per unit wood volume rather
than on a gravimetric basis, i.e., when the differ-
ences in wood density between species and or-
gans were taken into account (Fig. 5B). In
contrast to temperate trees, NSC concentrations
in the stems of the four tropical species were in-
dependent of the respective RAP + LFs content
(Fig. 5C, white squares).
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pseudoplatanus. Thus, our data provide evi-
dence that the amount of RAP can serve as a
suitable proxy for the capacity of wood to store
NSC. In this regard, our results expand on the
list of apparent structure-function relation-
ships identified in xylem, which help us to bet-
ter understand the vast diversity in wood
anatomical traits that evolved in plants.

The visual assessment of starch distribution
revealed that virtually all RAP and LFs of tem-
perate trees were filled with starch (Fig. 4A-H),

stem mean

FIGURE 3 Percentage area (% a.) of ray and axial parenchyma (RP + AP = RAP) and living fibers
(LFs) in root (R) and stem (S) wood of twelve temperate tree species (A) and in stem wood of four
tropical species (B). Means £ SDs (n = 3) are shown. Abbreviations for species are defined in Table 1.

primary xylem appeared sometimes enriched in starch (e.g., Carpi-
nus betulus, Aesculus hippocastanum). In Picea abies, starch was
also present in the epithelial cells associated with the resin ducts
(Fig. 4D). While starch was generally less abundant in tropical (Fig.
4I-L) than temperate trees (Fig. 4E-H), interspecific differences in
starch distribution were observed among the tropical species. In
Ceiba pentandra, starch grains were present predominantly in RP
(Fig. 4I), which was in contrast to Pentaclethra macroloba where
they were mostly present in the AP (Fig. 4K). Starch grains were
also present in the LFs of Warszewiczia coccinea (Fig. 4L), while in
Brosimum sp. they appeared abundant in both RP and AP, similar
to that of temperate species (Fig. 4]).

Relationship between NSCs and RAP—There was a strong positive
correlation (P < 0.001, 7 = 0.64) between the NSC concentration and
the RAP + LFs fraction in temperate species when the data for Clematis
vitalba were excluded (Fig. 5A). The contrasting relationship between
NSCs and RAP + LFs in C. vitalba compared with the temperate trees
was likely due to the lower storage capacity of thick-walled LFs that
were particularly prominent in C. vitalba (Fig. 5C). The relationship

tropical angiosperms (stems)

indicating that the entire space available for
storage in wood was used at the onset of winter
dormancy. Contrary to earlier observations
(Braun and Wolkinger, 1970; Braun, 1984),
there was no clear distinction in starch accu-
mulation between vessel-associated RAP cells
and the RAP cells that are not in direct contact with vessels (Ap-
pendix S1). Our results also showed that both types of intercon-
nected wood parenchyma, i.e., ray (RP) and axial parenchyma (AP)
as a whole, contribute greatly to NSC storage. While RP represented
the dominant part of the total RAP in most of the temperate species
investigated in this study, abundant AP resulted in a substantial in-
crease in the total RAP of some species, for example, in Quercus
robur and Robinia pseudoacacia. AP fractions, often accounting for
more than 40% of the total RAP, were higher in the roots than in the
stems of the temperate species (Fig. 3A). It is possible that an increased
need for mechanical support requires a strong fiber matrix that may
limit the occurrence of thin-walled AP in self-supporting stems.
Alternatively, thick-walled LFs could take on the storage function
without compromising wood mechanical strength (Carlquist, 2014,
2015). Among temperate species included in this study, Clematis vi-
talba showed particularly high (up to 50% of the total cross-sectional
area) proportions of LFs in both roots and stems (Figs. 3A, 4A, 4E;
Appendix S1). Considering its high RAP + LFs fraction, the NSClev-
els measured in Clematis vitalba were relatively low (Fig. 5C). The
lower NSC storage efficiency (defined as the NSC concentration per
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FIGURE 4 Transverse sections of (A-D) roots and (E-L) stems stained with Lugol’s solution showing the spatial distribution of starch in wood (stained
black) in temperate species (A, E) Clematis vitalba, (B, F) Acer pseudoplatanus, (C, G) Aesculus hippocastanum, and (D, H) Picea abies and in tropical spe-
cies (I) Ceiba pentandra, (J) Brosimum sp., (K) Pentaclethra macroloba, and (L) Warszewiczia coccinea. Starch was present in ray and axial parenchyma of
all species, although the staining intensity varied from high (A, B, E, F, J) to low (D, G, H, |, K, L). In some species, starch was also present in living fibers

(A, B, E, F, L). Scale bars = 500 pm.

unit RAP + LFs area) in this species might be attributed to a lower
ratio between cell lumen and cell wall fractions in storage tissue com-
posed of LFs instead of AP. On the other hand, the storage capacity of
LFs in Acer pseudoplatanus appeared to be in line with that of the
other temperate species relying solely on parenchyma (Fig. 5).
Whether LFs may provide a storage potential comparable to AP
should be tested for a larger number of species. There is evidently a
continuum in the dimensions and wall-to-lumen ratios of AP and
LFs across species (Carlquist, 2014), and the anatomical variability of
these cells, including their pit dimensions (especially pit size and den-
sity), should be more thoroughly documented to better understand
its influence on the storage and mechanical properties of wood. In-
vestments in thicker cell walls together with the occurrence of less
extensive pitting in LFs, thus resulting in a lower storage capacity and
lower accessibility and mobility of stored nutrients, might be factors
that favor the occurrence of the typically thin-walled AP.

Due to the higher RAP fraction, roots were able to store more
NSC than stems were (Fig. 1A, Table 2), with the difference being

about 2.5-fold on average and 6.5-fold at maximum. This finding
highlights the important contribution of belowground biomass to
the overall NSC storage pool. The NSC concentrations of roots and
stems of the same species were only partially correlated (Fig. 2),
showing that the division of NSC reserves between below- and
aboveground woody biomass is variable across species. The varia-
tion observed might relate to species- and organ-specific differ-
ences in phenology and subsequent growth dynamics. While little
is known about the coordination between root and shoot phenol-
ogy (Steinaker et al., 2009), large intraspecific variation in the tim-
ing and rates of root growth has recently been observed in a dozen
temperate trees (McCormack et al., 2014). It is possible that the
availability of NSC reserves could play a major role in driving these
differences in root growth.

In this study, we focused on NSC storage in young woody organs
that consist of juvenile sapwood located in close proximity to the
apical meristems. Mature wood in tree trunks also represents im-
portant sites of NSC storage, and it can be assumed that the NSC
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FIGURE 5 Relationship between the amount of wood parenchyma (RAP)
and living fibers (LFs) and nonstructural carbohydrate (NSC) concentra-
tions in sapwood of roots (black circles) and stems (gray circles) of tem-
perate trees (A, B). Sapwood NSC concentrations were expressed on a (A)
gravimetric or a (B) volumetric basis. Means + SDs (n = 3-6) are shown.
Linear regression lines through all (solid black line), root (dashed dark

stored in trunks provide the primary source of energy and material
for the resumption of cambial activity at the beginning of the grow-
ing season (Hill et al., 1995). In tree trunks, not only the RAP con-
tent determines the total NSC storage potential, but so does the
amount of sapwood, as the death of RAP cells associated with
heartwood formation makes these cells unavailable for NSC storage
(Magel et al., 1994). The RAP fractions in mature wood from tree
trunks may also differ from that in juvenile wood in branches, al-
though no significant differences were found in AP, RP, and RAP
between trunks and branches of 34 tree species (Morris et al., 2016).

Compared with levels in temperate trees, the NSC levels of the
four tropical species included in this study were significantly lower
(Fig. 1B) in spite of their on average higher RAP + LFs content (Fig.
3B). This finding is not surprising considering that the wood tissue
of the tropical trees used for NSC analyses was collected during ac-
tive growth in the case of tropical trees, whereas the samples of the
temperate trees were taken at the onset of winter dormancy. In fact,
the tropical trees studied here never experience dormancy in their
native habitat and thus may not require large reserves for the re-
sumption of growth.

The finding that NSC and RAP data were not correlated in the
tropical trees (Fig. 5C) may indicate that, in some cases, RAP plays
a less important role in NSC accumulation, but might have various
alternative functions. Interestingly, the abundant AP in Ceiba
pentandra was essentially void of starch grains (Fig. 4I), and the
soluble sugar fraction was not noticeably higher either (Fig. 1B).
This finding suggests that the accumulation of NSC is not the pri-
mary function of AP in C. pentandra. It is possible that AP serves as
an important water-storage reservoir in this fast-growing tropical
pioneer that often colonizes forest gaps and copes with increased
evaporative demands. In support of this idea, the role of RAP in
stem water storage has already been proposed (Borchert and Pockman,
2005), and a high sapwood hydraulic capacitance was recently mea-
sured in another representative of the same genus (C. speciosa;
Carrasco et al., 2015). Besides storing water, RAP is also known to
play a part in defense against pathogens (Schwarze, 2007), which is
a function that might be particularly important in diverse tropical
ecosystems (Bagchi et al., 2014). An additional explanation for the
higher levels of RAP in tropical compared with temperate species
may be that the tropical trees do not need to protect their living
cells from cold-induced damage. Since protection against cold is
energetically costly, it may limit the RAP abundance in environ-
ments where frost frequently occurs (Morris et al., 2016). However,
more research across a broader selection of tropical species is
needed to establish firm links between NSC accumulation, func-
tional traits of RAP and plant ecological strategies.

In conclusion, the results of this study demonstrate that the
amount of RAP and LFs is strongly related to the NSC storage
capacity in the wood of temperate-deciduous trees. Because virtu-
ally all RAP and LFs of temperate trees were filled with starch, the

gray line), and stem (dotted light gray line) data and the corresponding
regression coefficients (r?) are indicated; significance of linear relation-
ship: *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations of species are de-
fined inTable 1. The same data as in (A) are presented in (C) with the data
for the temperate liana Clematis vitalba (Cv) and four tropical species
(white squares). Both Clematis vitalba and the tropical species were ex-
cluded from the correlation because they had lower NSC concentrations
than in the temperate trees in spite of their high amount of RAP and LFs.



APRIL 2016, VOLUME 103

values of NSC concentrations measured here at the onset of winter
dormancy provide estimates of the seasonal maxima. In contrast to
the RAP in temperate trees, the RAP in species growing in a tropical
environment with little or no seasonality may have a more diverse
set of functions. Future research should move beyond a static ap-
proach of studying NSC and focus on the functional questions re-
lated to NSC transport, conversion, and use (Richardson et al.,
2013, 2015; Klein and Hoch, 2015). It can be expected that these
processes are tightly coupled to RAP connectivity and the activity of
various carbohydrate-modifying enzymes and transporters within
the RAP cells (Sauter et al., 1973; Decourteix et al., 2006, 2008).
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BACKGROUND: Vessel-associated cells (VACs) are highly specialized, living parenchyma cells
that are in direct contact with water-conducting, dead vessels. The contact may be sparse

or in large tight groups of parenchyma that completely surrounds vessels. VACs differ from
vessel distant parenchyma in physiology, anatomy, and function and have half-bordered pits
at the vessel-parenchyma juncture. The distinct anatomy of VACs is related to the exchange
of substances to and from the water-transport system, with the cells long thought to be
involved in water transport in woody angiosperms, but where direct experimental evidence
is lacking.

SCOPE: This review focuses on our current knowledge of VACs regarding anatomy and
function, including hydraulic capacitance, storage of nonstructural carbohydrates, symplastic
and apoplastic interactions, defense against pathogens and frost, osmoregulation, and the
novel hypothesis of surfactant production. Based on microscopy, we visually represent how
VACs vary in dimensions and general appearance between species, with special attention to
the protoplast, amorphous layer, and the vessel-parenchyma pit membrane.

CONCLUSIONS: An understanding of the relationship between VACs and vessels is crucial to
tackling questions related to how water is transported over long distances in xylem, as well as
defense against pathogens. New avenues of research show how parenchyma-vessel contact
is related to vessel diameter and a new hypothesis may explain how surfactants arising from
VAC can allow water to travel under negative pressure. We also reinforce the message of
connectivity between VAC and other cells between xylem and phloem.

KEY WORDS amorphous layer; aquaporin; axial parenchyma; black cap; deep supercooling;
half-bordered pit; pit membrane; ray parenchyma; water transport; xylem.

Xylem is often described as a “dead tissue” where water movement
through hollow pipes is governed by physical forces. Yet, all flow-
ering plants with vessels are quite often surrounded by a sleeve of
highly specialized living parenchyma cells. Parenchyma cells in di-
rect contact with vessels are called vessel-associated cells (VACs),
a term coined by Czaninski (1964) and still in broad use today
(Salleo et al., 2004; Morris et al., 2018; Schenk et al., 2017; Secchi
et al., 2017). VACs have a number of highly specialized traits that
distinguish them from other parenchyma cells and imply highly
specialized functions due to their unique position as the boundary
between symplast and apoplast.

VACs differ both anatomically and functionally from vessel-
distant parenchyma cells (Fig. 1A-D; Czaninski, 1964, 1977,
1987) and have been described in a large range of herbaceous and
woody plants (Foster, 1967; Fujita et al., 1975; Catesson et al.,
1982). In contrast to VACs, vessel-distant cells lack direct con-
tact with tracheary elements: they can be ray parenchyma cells
positioned between the outer layers in multiseriate rays or can
be axial parenchyma cells in various paratracheal arrangements
around vessels (Fig. 1B, 1D). In paratracheal arrangements of ax-
ial parenchyma, VACs completely surround the vessels in most
cases while the vessel-distant axial parenchyma forms multiple
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layers beyond the VAC (e.g., Prosopsis chilensis, Fig. 1D), often
extending to link up with other vessels and ray parenchyma in
the secondary xylem (Metcalfe and Chalk, 1983; Braun, 1970,
1984; IAWA Committee, 1989; Morris and Jansen, 2016). The
result is a highly interconnected three-dimensional ray and
axial parenchyma lattice (Spicer, 2014) connecting beyond the
cambium to the phloem (Sokolowska, 2013). In plants that do
not have vessels, the term contact cell is used to describe pa-
renchyma in direct association with tracheary elements (Sauter,
1966; Sauter et al., 1973; Zhang et al., 2017).

Our understanding of the unique ultrastructure of cell wall
layers of VACs (Fujii et al., 1980) exceeds our knowledge of their
function, little of which has direct experimental support. In this
review, we focus primarily on six principal features of VACs that
separate them in anatomy and function from vessel distant cells:
the protoplast, the plasma membrane, the amorphous layer, the
vessel-parenchyma pit membrane, the black cap, and the pit con-
nections to other living cells. The ultrastructure is discussed first
and followed by functional aspects, which are also summarized
in Table 1.

THE ULTRASTRUCTURE OF VESSEL-ASSOCIATED CELLS

The protoplast

In contrast to vessel-distant cells (Gunning et al., 1968; Gunning
and Pate, 1974), VACs are small with large nuclei, plentiful mito-
chondria, dense cytoplasm, many ribosomes, typically small vacu-
oles, and a well-developed endoplasmic reticulum (Figs. 2A, B, D,
E, L; Czaninski and Catesson, 1969; Czaninski, 1977; Fromard et al.,
1995; Alves et al., 2001, 2007; Lalonde et al., 2001). VACs also have
plastids that are fewer or/and smaller than in more typical paren-
chyma cells (Fromard et al., 1995). Starch located in amyloplasts
can be stored in the VACs of ray and axial parenchyma, but in much
smaller quantities and for shorter storage periods than the larger
vessel-distant cells (Sauter, 1966; Essiamah and Eschrich, 1985;
Fromard et al., 1995; Plavcova and Jansen, 2015; Plavcova et al.,
2016). Chloroplasts in the VACs closer to the bark where light can
still penetrate have been observed in a range of mangrove species
(Schmitz et al., 2012), in Cucurbita maxima (Buvat, 1989), and in
xylem of a leaf petiole in Acer pseudoplatanus, with typically one

FIGURE 1. Light micrographs of transverse wood sections stained with safranin and alcian blue showing different patterns of vessel-associated
parenchyma cells (arrows in A-D) defined as ray and axial parenchyma cells that are directly connected to vessels. (A) Abelia serrata (Dipsaceae). (B)
Cercocarpus ledifolius (Rosaceae). (C) Ziziphus jujuba (Rhamnaceae). (D) Prosopis chilensis (Fabaceae). (E) Triadica sebiferum (Euphorbiaceae) stained
with toluidine blue O; vessel-parenchyma pit membranes (large arrows) between vessel-associated cells (indicated by *) and vessels stain purple
intervessel pit membranes (small arrows) stain light blue. (F) Geijera parviflora (Rutaceae), fluorescence image after staining with coriphosphine O;
pectins associated with vessel-parenchyma pits (large arrows) and primary cell walls stained red; no pectins were found in intervessel pit membranes
(small arrows). V = vessel, * = vessel-associated cell.
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TABLE 1. Overview of the major functions of vessel-associated parenchyma cells in angiosperm xylem.

Function Potential significance and key references

Storage Hydraulic capacitance (Meinzer et al., 2003); embolism avoidance and/or refilling (Clearwater and Goldstein, 2005);
storage of nonstructural carbohydrates (Plavcova et al,, 2016)

Water transport Aquaporins (Sakr et al., 2003; Secchi et al,, 2016); symplastic and apoplastic xylem-phloem interactions (van Bel, 1990;

Pfautsch et al,, 2015)
Defense and resilience

Formation of tyloses and gels (Bonsen and Kucera, 1990; Rioux et al., 1998); formation of suberin (Biggs,

1987); supercooling (Wisniewski et al., 1987a, b, 19913, b, 1993); heartwood formation (Chattaway, 1949);
compartmentalization (Schmitt and Liese, 1990; Liese et al.,, 1995; Morris et al., 2016a)

Osmoregulation
Secchi and Zwieniecki, 2016)
Surfactants

Hydraulic equilibrium with xylem sap; changing the ionic composition and pH of xylem sap (Fromard et al., 1995;

Black cap formation, production of xylem sap surfactants (Schenk et al.,, 2015, 2017)

chloroplast per cell (Fig. 2B). Chloroplasts are presumably found in
any parenchyma cell where there is sufficient light.

The plasma membrane

The plasma membrane of VACs have some unique structural fea-
tures. The amount of some key proteins of the plasma membrane
is considered high based on measured activity. For instance, using
immunolabeling techniques, VACs show high H*-ATPase activity
along the plasma membrane compared to vessel-distant cells during
spring (Fromard et al., 1995; Alves et al., 2001, 2004, 2007; Arend
et al,, 2002), and parallel levels only shared by the companion cells
of the phloem (Bouché-Pillon et al., 1994).

In woody angiosperms, aquaporins (water channel proteins) are
present at a high frequency in VACs (Sakr et al., 2003; Almeida-
Rodriguez and Hacke, 2012; Secchi et al., 2017). Aquaporins can be
found not only in the plasma membrane, but also in the tonoplast
of the vacuole. Of the various families of aquaporins known in the
plant kingdom (Maurel et al., 2015), PIP1 and PIP2 are the most
studied in woody plants, partly due to their role in regulating apo-
plastic water movement (Secchi et al., 2017). Although aquaporin
proteins were present in all vessel-distant cells within xylem and
across to the phloem in Juglans regia, Sakr et al. (2003) found, using
localized immunostaining techniques, that PIP2 aquaporin tran-
scripts were highest in the VACs, possibly related to thaw-induced
embolism recovery.

The amorphous layer

Cell walls of VACs are always lignified, and the VACs are con-
nected to other parenchyma cells via simple pits with numerous
plasmodesmata traversing a pit membrane (Czaninski 1977, 1979).
Between the plasma membrane and the secondary cell wall lies a
pecto-cellulosic layer called the amorphous layer (also known as the
protective layer; Fig. 2B, D-G, J-L). The amorphous layer forms as
adjoining vessels die, and its development possibly involves activity
of multivesicular bodies derived from large Golgi vesicles abundant
in VACs (Fig. 2B, D, E, L; Halperin and Jensen, 1967; Robards, 1968;
Chafe, 1974). The amorphous layer represents an nonlignified ex-
tension of the apoplast made up of loose fibrillar cross-linking poly-
saccharides (Fig. 2G; Fujii et al., 1981), highly esterified pectin, and
arabinogalactan proteins (Wisniewski and Davis, 1995; Plavcova
and Hacke, 2011; Klepsch et al., 2016).

The amorphous layer varies in length and thickness among species
(Fig. 2B-G). It is always present at the pit contact region with the ves-
sel, but often extends along the entire circumference of the secondary

wall of the VAC (Wisniewski et al., 1987a, b; Barnett et al., 1993). The
structure is commonly thickest at the contact region, as shown in a
range of temperate species (Mueller and Beckman, 1984; Barnett et al.,
1993; Fig. 2B, E, ]); an irregular and extremely thick (>2 pm) amor-
phous layer was found in the subtropical species Ziziphus spina-christi
(Fig. 2 G). The narrowing of the amorphous layer with increased
distance from the vessel-parenchyma contact region can be abrupt
(Fig. 2B) or gradual (Fig. 2E). Due to its pectocellulosic constituents
(Fig. 1F), the amorphous layer is likely highly elastic, possibly allow-
ing it to withstand hydrostatic pressures generated from within vessels
(van Bel and van der Schoot, 1988). This layer is also porous, as demon-
strated by various traceable apoplastic dyes and forms tyloses that can
block or impede the spread of pathogens in the vessels (Wisniewski
et al., 1987a, b; Barnett et al., 1993; Rioux et al., 1995, 1998).

The parenchyma-vessel pit membrane

Half-bordered vessel-parenchyma pits are typically larger than sim-
ple or indistinctly bordered parenchyma-parenchyma pits (Braun,
1967; van der Schoot and van Bel, 1989; van Bel, 1990). In woody
angiosperms, ray cells bordering vessels were found to be particu-
larly large compared to vessel distant rays cells (i.e., isolation cells;
Braun, 1967).

The ratio of the contact fraction between the VACs of ray and
axial parenchyma varies greatly between species. For instance, axial
parenchyma VACs and vessels had greater surface area contact than
ray parenchyma VACs and vessels in sugar maple (Acer saccharum)
(Gregory, 1978). These contact fractions, which represent direct
physical contact, depend largely on the amount of axial paren-
chyma, where more axial parenchyma results in increased connec-
tivity with vessels (Morris et al., 2018). More axial parenchyma in
secondary xylem suggests divergence in functions of ray and axial
parenchyma, supporting recent findings that a higher axial paren-
chyma fraction coupled with a tightly packed spatial arrangement
around vessels is related to larger vessel sizes, which is hypothesized
to be associated with hydraulic maintenance (Fig. 1D; Morris et al.,
2018); possible specialization between ray and axial parenchyma
poses an interesting question that cannot be answered yet.

Regarding the presence of pectins, strong immunolabeling for
low and high methyl-esterified homogalacturonans was evident in
ray parenchyma-vessel pit membrane, especially in the amorphous
layer, but not in intervessel pit membranes (Plavcovd and Hacke,
2011; Kim and Daniel, 2013). Evidence of pectins in the amorphous
layer and parenchyma-vessel pit membranes has been confirmed
in a range of angiosperm species using several antibodies (Fig. 1F;
Rioux et al, 1998; Kim and Daniel, 2013; Herbette et al. 2015;



4 . American Journal of Botany

FIGURE 2. Transmission electron micrographs of vessel-associated parenchyma cells and their half-bordered vessel-parenchyma pit membranes in
stem xylem (A, C-L) and petiole xylem (B). (A) Tilia cordata (Malvaceae), a ray cell (left) and axial parenchyma cell (upper right) near a tracheid and ves-
sel, with vessel-parenchyma pits (black arrows) and a vessel-tracheid pit (white arrow). (B) Acer pseudoplatanus (Sapindaceae), vessel-parenchyma pit
membrane with amorphous layer, endoplasmatic reticulum, mitochondrion, and chloroplast, but without black cap. (C) A. pseudoplatanus, a tracheid-
parenchyma pit membrane with a distinct black cap and a tracheid-tracheid bordered pit (bottom left). (D) A. pseudoplatanus, detail of two vessel-
parenchyma pit membranes and parenchyma protoplast with a well-developed Golgi apparatus. (E) Acer platanoides, a tracheid-parenchyma pit
membrane with a black cap and amorphous layer. (F) Ziziphus spina-christi (Rhamnaceae), vessel-parenchyma pit membrane with a thick, irregular and
wavy amorphous layer. (G) Z. spina-christi, detail of the vessel-parenchyma pit membrane and amorphous layer with a filamentous, loosely arranged
structure. (H) Tilia cordata, simple pit between two parenchyma cells with plasmodesmata. (I) Encelia farinosa (Asteraceae), simple pit between two
parenchyma cells after staining with KMnO,, suggesting lignification of the pit membrane (arrow). (J-L) Triadica sebiferum (Euphorbiaceae), vessel-
parenchyma pit membrane after (J) fixation with glutaraldehyde only, showing a white, electron transparent amorphous layer; (K) fixation with glu-
taraldehyde and postfixation with uranyl acetate and staining with lead citrate, showing many electron-dense vesicles within the amorphous layer
and a darker pit membrane; and (L) fixation with glutaraldehyde and postfixation with OsO,, showing a protoplast with endoplasmatic reticulum,
mitochondria, and vesicles in the vessel-parenchyma pit membrane (arrow). A = amorphous layer, B = black cap, C = chloroplast, G = Golgi apparatus,
L =lipids, P = pit membrane, S = secondary wall, T = tracheid, V = vessel, Va = vacuole.
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Klepsch et al., 2016). The presence of pectins in the parenchyma-
vessel pits may result from pectins secreted from the abutting
parenchyma cell through the amorphous layer, while hydrolytic
enzymes remove all noncellulosic compounds in the pit membrane
area closest to the vessel lumen during the latest stages of vessel
element differentiation (Kim and Daniel, 2013; Herbette et al.,
2015). Moreover, similar to intervessel pit membranes (Schmid and
Machado, 1968; Wheeler, 1981), parenchyma-vessel pit membranes
may undergo seasonal lignificaion as the wood ages, making it more
rigid and less permeable, which may have implications for a num-
ber of hypothesized functions, such as supercooling (Czaninski,
1973; Chafe, 1974; Fujii et al., 1980; Wisniewski et al., 1991a).

The black cap

On the vessel lumen side of the pit membrane is an electron-
dense material called the black cap (Shaffer and Wisniewski, 1989;
Plavcova and Jansen, 2015; Schenk et al., 2017) because of its ap-
pearance in TEM (Fig. 2C-E). Likely composed of lipids, which
also line the inner wall of the conduits and pit border, the black
cap is rendered visible only after osmium tetroxide (OsO,) staining,
but not after glutaraldehyde fixation (Fig. 2]) or post-staining with
uranyl acetate and lead citrate (Fig. 2K). OsO, reacts mainly with
the double carbon bonds in unsaturated fatty acid chains of lipids,
but also some proteins and lipoprotein complexes, and because os-
mium is a heavy metal, it is electron dense in TEM (Fineran, 1997;
Westhoff et al., 2008; Schenk et al., 2017).

A constituent of the pit membrane, the black cap is found in
many angiosperm species (Fig. 2C, D, E), including vesselless angio-
sperms (Zhang et al., 2017), but can be weakly formed or completely
absent in some cases (Fig. 2B), which might be due to seasonal influ-
ence. After treatment with ethylene glycol aminoethyl ether (EGTA;
egtazic acid), the black cap was shown to be completely separated
without having any effect on other pit membrane constituents, indi-
cating that the black cap may be a structure unto itself (Wisniewski
etal., 1991a). If lipids in the black cap originate from the protoplasm
of the VAC, lipid transport through the amorphous layer and pit
membrane could involve nonspecific lipid transfer proteins capable
of transporting lipids across cell walls (Li et al., 2016; Misra, 2016).
More research is required to understand where lipids are manufac-
tured and the transport mechanism and functional significance be-
hind lipid deposition in the black cap (Schenk et al., 2017).

VAC parenchyma pits

Simple pits or indistinctly bordered pits typically connect VAC to
adjacent parenchyma cells (Carlquist, 2007; Plavcova and Jansen,
2015). Pit membranes between VACs and other parenchyma cells
are suggested to be lignified (e.g., Fig. 2I; Czaninski 1977, 1979) and
crossed by numerous plasmodesmata (Fig. 2H; Czaninski 1977,
1979), indicating that symplastic water movement between neig-
boring parenchyma cells can occur via plasmodesmata.

STRUCTURE-FUNCTION RELATIONSHIPS OF VACS

Functions of the protoplast and plasma membrane in VACs

High protein activity in the plasma membrane of VACs is hypoth-
esized to be related to the refilling of embolized vessels (Secchi and
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Zwieniecki, 2016) and presumably to buffer xylem negative pres-
sures through capacitance of living cells around the vessel (i.e., ab-
solute amounts of water released into the vessel per unit decline in
water potential; Meinzer et al., 2003).

Besides generating the proton-motive force across the plasma
membrane, H*-ATPase in VAC is involved in the regulation of
xylem sap pH, inducing the acidification of the sap (Fromard
et al., 1995). In addition, the high activity of metal ions gener-
ated by H*-ATPase and the lower apoplastic pH may result in
the release of inorganic ions into the transpiration stream that
are thought to regulate xylem hydraulic conductance via the so-
called ionic effect (Gasco et al., 2006; Nardini et al., 2011; Secchi
and Zwieniecki, 2012, 2016). Along with H*-ATPase, sucrose and
hexose sugar transport proteins (JrHT1 and JrHT2) were found
along the plasma membrane of VAC in Juglans, which were par-
ticularly active before bud break (Decourteix et al., 2006, 2008).
Since this discovery, sugar transporters have also been located
in the plasma membrane of VACs in Populus (PtSUC2.1 and
PtSUT2b) (Secchi et al., 2011; Secchi and Zwieniecki, 2010, 2011).

All substances exuded through the plasma membrane, includ-
ing ions and sugars, have to pass the amorphous layer, which may
provide some resistance to passage before the pit membrane and
before their eventual exit into the vessel. This system would seem
to be ineffective for moving osmotica into vessels, and in fact, no
studies to date have observed solute concentrations in vessels that
would be large enough to move water via an osmotic gradient from
living cells into vessels (Tyree et al., 1999; Enns et al., 2000; Vesala
et al., 2003; Clearwater and Goldstein, 2005). Moreover, since the
amorphous layer often extends alongside the plasma membrane
around the entire circumference of the protoplast, it likely enhances
plasma membrane transport and helps channel substances to the
vessel-parenchyma pits along the inside of the lignified secondary
wall (Barnett et al., 1993). To summarize the Barnett hypothesis, if
no protective layer were present, the plasma membrane over most
of the protoplast surface would no longer be in contact with the
apoplastic system in the way that it is when the wall is nonlignified
and porous.

Aquaporins undergo what is termed gating, which makes
the plasma membrane impervious to water flow by sealing the
protein pores in response to stress-induced changes (Tornroth-
Horsedield et al., 2006; Maurel et al.,, 2016; Groszmann et al.,
2017). However, the mechanism of symplastic-apoplastic water
movement across membranes/structures in VACs remains poorly
understood.

Functions of the amorphous layer

Five key functions of the amorphous layer have been proposed:
(1) a protective role to prevent the digestion of protoplasm
from autolytic enzymes arising from the vessels (Schmid, 1965;
O Brien, 1970), (2) tylosis and/or gel production (Foster, 1967;
Murmanis, 1975), (3) deep supercooling to avoid frost damage
(Wisniewski and Davis, 1989; Wisniewski et al., 1991b), (4) buft-
ering against oscillations in hydrostatic pressure from within the
vessels (van Bel and van der Schoot, 1988), and (5) increase of the
surface area at the symplast-apoplast interface, thus allowing for
increased exchange across the plasma membrane (Barnett et al.,
1993).

The first proposed function gave rise to the term protective
layer, a term used as frequently as the amorphous layer. However,
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hydrolysis of a pit membrane generally stops more or less at the
middle lamella (Evert, 2006; fig. 4B of Schenk et al., 2017). Hence,
the protective hypothesis generally lacks support (Czaninski, 1973;
Chafe, 1974; Barnett et al., 1993).

A general consensus accepts that the amorphous layer plays a
role in tylosis production, where cytoplasm-filled balloon-like
sacs from VACs of both ray and axial parenchyma enter the ves-
sels through the half-bordered pit membranes, resulting in partial
or full vessel occlusion. In fact, Czaninski (1977) coined the term
vessel-associated cells with the function of tyloses or gel secretion
in mind (Catesson and Moreau, 1985; De Micco et al., 2016; Morris
and Jansen, 2016). Tyloses maintain symplastic continuity with the
VACs, where the primary wall of the tylosis is actually an extension
of the amorphous layer, which, due to its high porosity, can allow
the movement of pectins and other materials from the tylosis into
the remaining vessel lumen space (Rioux et al., 1998). However, al-
though an amorphous layer is present in every VAC, tyloses do not
occur in all species and were found in ca. 22% of the 172 species
studied by Ziircher et al. (1985). Also, there is a higher frequency
of tyloses in ray parenchyma than in axial parenchyma (Chattaway,
1949). The latter, however, is likely due to the overall percentage
ray and axial parenchyma share within the xylem. Given that ray
parenchyma has a relatively consistent xylem cross-sectional frac-
tion (between 5-20% across species), the contact fraction around
vessels would largely relate to the high variability of axial paren-
chyma (between 0 and 60% across species; Morris et al., 2016a, b).
Tyloses are also reported to be more common in angiosperms with
parenchyma-vessel pit membranes larger than >8 yum in diameter
(Zurcher et al., 1985).

Many species exhibit the ability to avoid the lethal effects of freez-
ing in xylem parenchyma through what is termed deep supercooling
(Quamme, 1991; Kasuga et al., 2007, 2008), with the colder the re-
gion, the greater the levels of resistance (Sakai and Larcher, 1987).
Supercooling can be described as the cooling of a liquid below freez-
ing point without becoming solid, while deep supercooling occurs in
woody plants that experience severe cold periods, an adaptation that
prevents ice propagation, otherwise lethal to the plant (Wisniewski
et al,, 2004; Neuner, 2014). zThe function of the amorphous layer in
preventing the formation of damaging ice crystals purports a role in
protection, thus allowing VAC to supercool (Wisniewski and Davis,
1989). The hypothesis proposing the prevention of damaging ice
crystals may be the case in temperate species where freezing con-
ditions occur; however, it does not explain the structure’s function
in tropical species. Moreover, this hypothesis relies on the presence
of pectin in the amorphous layer where pectin works as a hydrogel
to prevent desiccation of the VAC. Tyloses and gels were found to
depend on pectin in the amorphous layer of the species investigated
(Rioux et al., 1998). Pectic polysaccharides have been observed in
the amorphous layer of a range of angiosperm species (Fig. 1F; Fujii
et al.,, 1981; Mueller and Beckman, 1984; Wisniewski and Davis,
1995; Plavcova and Hacke, 2011; Herbette et al., 2015; Klepsch et al.,
2016). However, the amount of pectic polysaccharides varies be-
tween species and likely depends on the time of the year in seasonal
climates and during the development of the tylosis. Inmunolabeling
for pectin is greater in the amorphous layer during tylosis devel-
opment (Rioux et al., 1998). The hypothesis that the amorphous
layer may function to protect the VAC against diurnal oscillations
of hydrostatic pressure from within the transpiration stream is also
plausible, but protection would only be needed at the parenchyma-
vessel connection sites, whilst the amorphous layer may completely

surround the parenchyma cell protoplasm (Spicer, 2014). Rather
than functioning in protection, the hypothesis offered by Barnett
(1993), in which the amorphous layer expands the area of exchange
between parenchyma and vessels, is the most persuasive, given that
it is a consistent feature among species. However, the amorphous
layer likely has various functions, depending on the species, the cli-
mate type, and the time of year in temperate and seasonal tropical
species. More ultrastructural work, coupled with physiological and
biochemical measurements, are clearly needed to build on our exist-
ing knowledge of this structure.

Functions of the vessel-parenchyma pit membrane

The structure of the vessel-parenchyma pit membrane may have a
key role in tylosis formation (Bonsen and Kucera, 1990; Rioux et al.,
1998), in deep supercooling (Wisniewski et al., 1987a, b, 1991a, b;
Wisniewski and Davis, 1995), and in defense against vascular path-
ogens (Schmitt and Liese, 1990; Liese et al., 1995). The presence
of pectin has been hypothesized to be linked to deep supercooling
with pectin levels found to be highest in winter and lowest in spring,
where, in the latter, pectin is enzymatically removed, coinciding
with reduced ability to deep supercool (Wisniewski et al., 1991a).
Wisniewski and Davis (1995) hypothesized that pectin acts by
forming a barrier during winter months in temperate regions, thus
making the pit membrane less permeable to water movement and
the propagation of ice crystals, which would otherwise be deleteri-
ous to the plant. However, in older wood where rigidity increases
due to lignification of the pit region, deep supercooling may not be
as effective because lignification decreases permeability.

Rioux et al. (1998) found a close relationship between the pres-
ence of pectin in the pit chamber and the adjoining amorphous
layer, with tylosis and gel development extending from the VACs
into the neighboring vessels to block the pathway to pathogen
spread. An important protective trait of intervessel pit membranes
is pore size. Small pores in pit membranes between vessels act as a
barrier to spores of pathogenic fungi and bacteria in the tracheary
elements (Jarbeau et al., 1995; Choat et al., 2003, Choat et al., 2004,
2008; Yadeta and Thomma, 2013). For example, pore sizes were
found to be between 5 and 20 nm in diameter in a range of species
using colloidal gold particles (Choat et al., 2003; Zhang et al., 2017),
while spore sizes of Xylella fastidiosa (a bacterium) and Verticillium
spp. (a fungus) ranged between 0.25 and 2.2 um, respectively
(Mollenhauer and Hopkins, 1974; Qin et al., 2008). We assume that
pore size should be similar between intervessel pit membranes and
vessel-parenchyma pit membranes, acting as an important barrier
to vascular pathogens attempting to gain entry into the VAC. Aside
from pore size, substances secreted from VAC in birch modified the
vessel-parenchyma pit structure, preventing bacterial degradation
of the pits (Liese et al., 1995). Moreover, callose and various antimi-
crobial proteins in VACs accumulate along the cell walls and the pit
membranes abutting infected conduits, which have thickened sec-
ondary walls, resulting in a decrease in the size of the parenchyma-
vessel pit border and aperture, thus limiting the spread of pathogens
(Benhamou, 1995; Hilaire et al., 2001).

Functions of the black cap

The function(s) of the black cap remains relatively unknown.
Schaffer and Wisniewski (1989) named the structure and referred to
it as a torus-like layer. Recently, the black cap of a phylogenetically
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wide range of angiosperm species has been proposed to be com-
posed of amphiphilic, insoluble lipids deriving from xylem sap
(Schenk et al., 2017; Zhang et al., 2017). More observational and ex-
perimental work is required on xylem sap surfactants and their role
in long-distance water transport in plants under negative pressure
(Jansen and Schenk, 2015; Schenk et al., 2015, 2017).

Functions of VAC-parenchyma pit connections

VAC-parenchyma pit membranes are likely lignified (Fig. 2I;
Czaninski, 1977, 1979), which presumably would inhibit apoplastic
water flow between VACs and other living cells. Thus, water flow
between VAC and other parenchyma cells may be entirely symplas-
tic through plasmodesmata (Fig. 2L) and may therefore be under
some degree of control by the living cells (Sauter and Kloth, 1986;
Pfautsch et al., 2015). Also, plasmodesmata have been found to close
in response to turgor pressure differences between cells that exceed
200 kPa (Oparka and Prior, 1992). Thus, a sudden increase or de-
crease of turgor pressure in a VAC could potentially trigger closure
of plasmodesmata, which would hydraulically isolate the VAC from
its neighbors at least temporarily. Such a mechanism could play a
role in refilling of embolized vessels and/or in buffering pressure
fluctuations in the xylem.

STORAGE, MOVEMENT, AND CONNECTIVITY OF VACS

VAC:s, like the companion cells of the phloem, could be viewed as a
kind of control center (or a “sorting office”), regulating movement of
substances into and out of the vessels. VACs are generally not con-
sidered to have the capacity for storage as evidenced by the lack of
cell storage compartments, such as a large vacuole. Although starch
and other compounds can be present in VACs (e.g., Plavcova et al.,
2016), such compounds are probably not stored in large quantities or
for very long in the VACs. By contrast, vessel-distant cells (including
the isolation cells of the ray system) have been referred to as “stor-
age cells” by Czaninski (1977), a slightly biased functional descrip-
tion given that a morphological continuum exists across the entire
symplastic network of the xylem through to the phloem. The term
“storage cell” perhaps wrongly implies something sedentary or static,
when movement of water and metabolites is continuous throughout
the growing season (van Bel, 1990; Salleo et al., 2004, 2009; Pfautsch
etal., 2015). However, vessel-distant cells do accumulate tannins, ox-
alate crystals, proteins, large quantities of starch, and lipids in some
species, a trend not observed to the same level in VACs (Buvat, 1989;
Sauter and van Cleve, 1994). In contrast, acid phosphatases, peroxi-
dases, and dehydrogenases are higher in VACs than in vessel-distant
cells (Sauter, 1972; Sauter et al., 1973; Alves et al., 2001).

Although clear differences exist between VACs and the vessel-
distant cells of ray and axial parenchyma, both form part of an elab-
orate three-dimensional trafficking and communication network
that extends from the xylem to the phloem, where there exists a
physiological nexus between the two adjacent transport systems
(Holtta et al., 2009; Sevanto et al., 2011, 2014; Pfautsch et al., 2015).
Along this pathway, hormones, solutes, and metabolites pass from
cell to cell, where substances are either stored long-term or moved
along, depending on the level of enzymatic activity in the VACs of
the xylem and in the companion cells of the phloem. On both sides
of the cambium, inward and outward solute fluxes are managed
at the level of the plasma membrane (van Bel, 1990; Evert, 2006).
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Using a fluorescein dye to study water transport between phloem
and xylem, Pfautsch et al. (2015) showed that movement occurred
over a water potential gradient along the ray symplastic pathway,
with no evidence of apoplastic movement. Water is likely trans-
ported through the symplast in two ways: (1) through plasmodes-
mata (Holl, 1975) and (2) across cellular membranes, likely aided
by aquaporins (Sevanto et al., 2011; Afzal et al., 2016). The VACs
trigger the movement of water from the phloem as evidenced by
the contraction of bark owing to phloem tissue hydraulic capaci-
tance (Mencuccini et al., 2013), a process driven by changes in wa-
ter potentials across the transport system. High mRNA transcript
levels for three specific aquaporin genes in the cambium, phloem,
and ray parenchyma demonstrate hydraulic coupling between the
phloem and xylem (Almeida-Rodriguez et al., 2012). Although ac-
tive transport is known to facilitate phloem uploading and move-
ment between ray parenchyma cells from phloem to xylem occurs
symplastically, the mechanism behind the exchange of substances
between the VACs and the dead tracheary elements has long been
debated (Miinch, 1930; Zeigler, 1975; Sauter, 1982; Salleo et al., 2004;
Zwieniecki and Holbrook, 2009; Secchi and Zwieniecki, 2016).

CONCLUSIONS

The association between VACs and vessels is not exclusive, but part
of a large symplastic three-dimensional connectivity with vessel-
distant cells of ray and axial parenchyma, which extends through
the rays and into the phloem via plasmodesmata. Future research
is required to address three-dimensional reconstructions within
the xylem along with quantitative measurements to help underpin
structure-function relationships between parenchyma, fibers, and
conduits. Additional questions to be tackled include the contri-
bution of aquaporins for symplastic—apoplastic transport, the po-
tential production of lipids and/or other substances by VACs, and
how these could be transported and deposited either in the black
cap or directly into the water transport system. Aquaporin expres-
sion and the ultrastructure of the amorphous layer, pit membrane,
and black cap could vary either independently of each other or
together as an entity due to seasonal changes in temperate species.
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Abstract

Bending and torsional properties of young roots and stems were measured in nine woody angiosperms. The variation
in mechanical parameters was correlated to wood anatomical traits and analysed with respect to the other two com-
peting functions of xylem (namely storage and hydraulics). Compared with stems, roots exhibited five times greater
flexibility in bending and two times greater flexibility in torsion. Lower values of structural bending and structural tor-
sional moduli (Eg, and G, respectively) of roots compared with stems were associated with the presence of thicker
bark and a greater size of xylem cells. Across species, Eg, and Gy, were correlated with wood density, which was
mainly driven by the wall thickness to lumen area ratio of fibres. Higher fractions of parenchyma did not translate dir-
ectly into a lower wood density and reduced mechanical stiffness in spite of parenchyma cells having thinner, and in
some cases less lignified, cell walls than fibres. The presence of wide, partially non-lignified rays contributed to low
values of Eg, and G, in Clematis vitalba. Overall, our results demonstrate that higher demands for mechanical sta-
bility in self-supporting stems put a major constraint on xylem structure, whereas root xylem can be designed with a
greater emphasis on both storage and hydraulic functions.

Keywords: Axial parenchyma, fibres, mechanical function, rays, structural bending modulus, structural torsional modulus,
trade-off, wood.

Introduction

Wood fulfils several biophysical functions, including the facili- In most angiosperms, these functions are seemingly divided
tation of long-distance transport of water and nutrients (Tyree  between different cell types.Vessels and tracheids are specialised
and Ewers, 1991), mechanical support (Badel et al., 2015), and  in the hydraulic function, fibres are devoted to mechanical sup-
storage of water (Tyree and Yang, 1990), nutrients (Plavcova port, whereas ray and axial parenchyma act as the main sites
et al., 2016) and secondary compounds (Morris ef al., 2016a). for storage and movement of non-structural carbohydrates.
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However, this view is to a certain degree oversimplified be-
cause the different cell types and the functions commonly
attributed to them are in fact tightly interwoven and linked
in a complex manner. The interaction between mechan-
ical and hydraulic function arises because structural support
from fibres helps to prevent hydraulic dysfunction (Jacobsen
et al., 2005; Lens et al., 2016) and bridges made out of pitted
fibre—tracheids hydraulically connect isolated vessels thereby
serving as a safer auxiliary pathway for water transport (Cai
et al., 2014). Similarly, parenchyma cells, which are primarily
devoted to nutrient storage, may interact with hydraulic func-
tion by facilitating embolism reversal (Brodersen et al., 2010)
and by providing hydraulic capacitance (Pfautsch ef al., 2015).
The storage and mechanical function is also interlinked as
ray parenchyma affects wood mechanical strength (Burgert
et al., 2001) and living fibres are involved in storage of non-
structural carbohydrates in some species (Yamada ef al., 2011).
Thus, determining to what degree multiple functions overlap
in wood and deciphering the key anatomical drivers associated
with physiological traits remains a challenge.

‘When analysing relationships in xylem structure and func-
tion, ecologists have frequently viewed traits as being along
contrasting spectra of trade-offs (Baas et al., 2004; Pratt and
Jacobsen, 2017). Several structural-functional trade-offs have
already been described in wood, although the continuum and
multi-functionality of xylem tissue is unlikely to be simplified
to strictly opposing categories. The covariation between hy-
draulic safety versus efficiency is one of the most frequently
studied relationships, although this apparent trade-off re-
mains fairly weak and poorly understood (Lens et al., 2011;
Bittencourt ef al., 2016; Gleason ef al., 2016). Also, the strength
of the trade-off may vary between different growth forms
(van der Sande ef al.,2019). A trade-off between hydraulic and
mechanical function is another example of structure—func-
tion relationships, which has been documented at cellular and
tissue levels. The existence of a trade-off between hydraulics
and mechanics is more self-evident in conifers because tra-
cheids fulfil both of these functions. Across a wide range of
conifer species, higher mechanical reinforcement of tracheids
was associated with increased hydraulic resistance (Pittermann
et al., 2006). The trade-off arose from cell reinforcement pri-
marily achieved by narrowing of cell diameters rather than
through increase in the thickness of the secondary wall. In
angiosperms, hydraulic and mechanical functions can be more
easily decoupled because of the distinct roles of vessels and
fibres. Thus, hydraulic conductivity can theoretically remain
unchanged in mechanically stronger wood if the increased
mechanical strength is achieved by modifying fibre properties.
In agreement, no significant relationship between mechanical
strength and hydraulic conductivity was observed across five
Acer species in which higher mechanical strength was due to
the presence of narrower fibre lumen diameters (Woodrum
et al., 2003). However, a strong negative correlation between
specific hydraulic conductivity and the modulus of elasticity
was reported along the root axial length in six tropical tree
species (Christensen-Dalsgaard et al., 2007a,b). In this case,
changes in wood density corresponded with a strong gra-
dient in the size and frequency of vessels. Thus, while there

is evidence for the negative coupling between hydraulics and
mechanics in both gymnosperms and at least some angiosperm
species, a trade-off between mechanical and storage functions
has rarely been considered beyond the observation of a nega-
tive correlation between fibre and parenchyma fractions (Pratt
et al., 2007; Zieminnska et al.,2015; Morris et al., 2016b).

The evolution of secondary growth and production of sec-
ondary xylem (i.e. wood) can be considered one of the strat-
egies increasing the mechanical stability of plants, allowing
for larger and taller plant bodies. Resistance of woody organs
to mechanical loads can be correlated to complex morpho-
anatomical structures at different hierarchical levels (Speck and
Burgert, 2011; Lachenbruch and McCulloh, 2014). The char-
acter and intensity of the dominant stresses and strains change
along the plant body. Therefore, mechanical properties of wood
vary considerably within one individual and also along one in-
dividual root or stem (Niklas, 1999b, Christensen-Dalsgaard
et al., 2007a). High mechanical stiffness of wood has been re-
peatedly linked to high wood density (Jacobsen et al., 2007;
Niklas and Spatz, 2010). However, it is often less clear which
finer-scale anatomical properties are the main drivers of this
integrative trait (Zieminska et al., 2013). While fibre properties
certainly exert strong control over wood density and wood
mechanical properties (Fujiwara et al., 1991; Jacobsen et al.,
2007), considerable influence of ray and axial parenchyma has
also been reported across a diverse range of species (Fujiwara,
1992; Zheng and Martinez-Cabrera, 2013; Zieminska et al.,
2015). A high proportion of thin-walled parenchyma cells
occurring at the expense of thick-walled fibres is expected to
lead to a reduction in wood mechanical stifftness. However, the
mechanical effects are hypothesised to differ between ray and
axial parenchyma, partly owing to their orientation in radial
and axial directions (Zheng and Martinez-Cabrera, 2013). Due
to the perpendicular orientation of rays to the wood grain, a
high proportion of them were found to enhance the mech-
anical stiffness of wood, particularly in the radial direction
(Burgert et al., 2001; Woodrum et al., 2003). Contrarily, it has
been suggested that the presence of wide rays underpins a high
torsional and flexural flexibility of liana stems (Gartner, 1991;
Putz and Holbrook, 1991; Carlquist, 2001). In comparison
to ray parenchyma, axial wood parenchyma cells are grouped
in strands that have a similar shape and longitudinal orienta-
tion to fibres. Therefore, a higher proportion of axial paren-
chyma should directly reduce the stiffness of the fibre matrix.
However, several questions have not been fully addressed yet,
such as (1) to what extent the amount of parenchyma can have
an appreciable effect on wood stiffness, and (i) whether the
relative differences in wall reinforcement between axial wood
parenchyma and fibres are similar across species and organs.

In the current study, we measured bending and torsional
moduli and conducted detailed observations of wood anatomy
of young stems and roots in nine angiosperm species. The main
objectives of our study were (1) to evaluate the effect of ray and
axial parenchyma on mechanical properties and (ii) to better
understand the trade-offs in xylem structure—function. Young
stems and roots provide a convenient study system for this
purpose as these organs are designed with a different adaptive
emphasis on mechanical, storage, and hydraulic functions. We
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expected self-supporting stems to be mechanically stronger than
roots, but the question arose as to whether hydraulics or storage
or both of these functions are consequently increased in roots.
Furthermore, we anticipated morphological and anatomical fea-
tures that presumably underlie a higher mechanical stiffness (e.g.
less abundant axial wood parenchyma, narrower rays, and thicker
cell walls) to be more prominent in stems as opposed to roots.

Materials and methods

Plant material

Young roots and stems were collected from nine different angiosperm
species, including eight common temperate forest trees, and one tem-
perate woody liana (Table 1). The latter was included in our comparative
study, to get some first results on differences in functional trade-offs be-
tween self-supporting angiosperm trees and non-self-supporting lianas.
All samples were collected from a minimum of three mature individuals
per species during June to August 2014. The sampling was done in a
forested area of the Ulm University campus (48° 25'N, 9° 58E), from a
forest strip along the Iller river 2 km south of Ulm (48° 22’N, 9° 60’E),
and in a forested area located 4 km southeast of Freiburg, Germany (47°
59'N, 7° 53E). The root segments were excavated from 10-50 cm depth
in a distance of approx. 1 m from the root collar. The stem segments were
cut from lateral branches at a height of 2-3 m with the aid of a tele-
scopic pruning pole. The diameters of the segments ranged between 0.5
to 1.5 cm and their ages were between 3 and 8 years. All segments had
already undergone substantial secondary thickening but still can be clas-
sified as juvenile in relation to the age of the plant specimens they were
collected from. Thus, the sampled segments had morphological and ana-
tomical characteristics typical of root and stem organs and could be con-
sidered, based on their age and position in the entire plant body, as being
in the medium advance in their specialisation process towards mechan-
ical, hydraulic, and storage demands. Upon collection, the samples were
put into a dark plastic bag with a moist paper towel and transported to
the laboratory where they were stored at 4 °C until used for mechanical
measurements. All samples were measured within 3 days of collection.

Table 1. List of abbreviations

Abbreviation

Species
Ap Acer pseudoplatanus L.
Cb Carpinus betulus L.
Fe Fraxinus excelsior L.
Fs Fagus sylvatica L.
Pa Prunus avium (L.) L.
Qr Quercus robur L.
Rp Robinia pseudoacacia L.
Tc Tilia cordata Mill.
Cv Clematis vitalba L.
Organs
R Roots
S Stems
Mechanical parameters
El Bending stiffness (N m?)
Gl Torsional stiffness (N m?)
Eqy, Structural bending modulus (MN m™)
G Structural torsional modulus (MN m2)
lax Axial second moment of area (m?)
lool Polar second moment of area (m?)

Lol tissue Relative contribution of tissue (wood, bark, or pith) to /4 or /oy

Flexural and torsional stiffness

Mechanical measurements were performed on stem and root segments
with a length of 1025 c¢cm. Care was taken to select straight segments
with a low degree of taper, avoiding side branches, knots, and obvious
structural damage. Flexural stiffness was measured in four-point-bending
tests using a manual bending apparatus. The segments were placed on
two cylindrical holders 5-12 cm apart from each other, depending on
the length and the bending resistance of the tested segment.The bending
force was applied via a suspended holder, which was attached to the tested
sample at two points, and placed equidistant and outside of the cylindrical
supports. The bending force was then gradually increased by adding up
to six weights of 50, 100, or 200 g onto the metal holder. The resulting
upward deflection of the segment was monitored with an eyepiece grati-
cule on a dissecting microscope. The cumulative deflection values were
plotted against the applied force and fitted with a linear equation. Only
measurements with a coefficient of determination higher than 0.97 were
accepted. The flexural stiffness (EI) was then calculated as
2 1
EI = M (1
16 X a

where [, is the distance of the sample holders (i.e. support span, in m), /,
is the span of the weight holder attachment (i.e. load span, in m) and «a
is the slope of the linear regression line of the deflection versus applied
force data (in N m™"). For a detailed description of the bending tests and
formulas see Niklas (1992), Speck (1994), Rowe and Speck (1996), and
Rowe et al. (2006).
The flexural stiffness is determined by the dimensions of a sample (de-
scribed by the axial second moment of area, ;) and its material proper-
ties (described by the structural bending modulus, E,), according to the
following formula:

El = Eg I« (2)

In engineering, the term bending modulus is defined as a property of a
homogeneous and isotropic material. As plant stems and roots are het-
erogeneous, anisotropic composite structures, we use the term structural
bending modulus E, (Rowe and Speck, 1996; Speck et al., 1996). The
higher the resistance to bending or tension of a sample, the higher is its
structural modulus of elasticity, independent of its geometrical dimen-
sions (Niklas, 1992). Following Eq. 2, the structural bending modulus E,
was obtained by dividing the flexural stiffness EI by I, with I, being
calculated according to the following formula:

X2

Ty
a ©)

where D is the root or stem diameter (in m). The diameter was obtained
from the measured mean cross-sectional area of the tested root or stem
when assuming a circular geometry. Due to the fact that the stems and
roots segments tested in our study showed almost perfectly circular cross-
sections and small deviations were developed only intermittently and
never along the whole segment, we decided that the use of a circular
model represents the best approximation.

Immediately after the bending test, which was limited to the elastic
range of the samples, torsional stiffness was assessed on the same root
or stem segment. The torsional stiffness was measured using a range of
custom-made spring-loaded cylinders that could apply a range of torques
according to the thickness and resistance of the samples tested. The tor-
sion cylinders consist of a central spindle and a clamp that can rotate freely
against a spring. The cylinder was gradually rotated in 10-20° steps against
the spring. The resulting root or stem deflection was measured relative
to the torsional force applied. Torque was calculated by multiplying the
rotational angle with the stiffness of the spring inside the cylinder deter-
mined from a calibration curve. Torsional stiffness (GI) was then calculated
by dividing the length of the tested segment (/, in m) by the slope of the
regression line fitted to the data of deflection angles plotted against the
applied torque (b, in rad N™' m™"), according to the following formula:

Iax =

GI=; )
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The structural torsional modulus was calculated using the formula:

C = GI )
str Ip()l
where L, is the polar second moment of area of the tested segment
calculated as:

T o4
Ipol = 372D (6)
where D represents the mean root or stem diameter (i.e. assuming circular
geometry of the tested segments, same as for I,,). For a detailed descrip-
tion of the torsional tests see Gallenmiiller ef al. (2001).

Tissue proportions and their contribution to I, and

Roots and stems are highly inhomogeneous and anisotropic structures
composed of different tissues, namely wood and bark in the case of roots,
and pith, wood, and bark in the case of stems.To gain insights into the rela-
tive importance of these three tissues for the overall mechanical stiffness,
their relative contributions to I, and I, were assessed.To calculate the rela-
tive contribution of each tissue to I and L (Leygsue)s the cross-sectional
areas of pith, wood, and bark were measured from surface images of stem
cross-sections obtained with a stereo zoom microscope (Axio ZoomV16,
Zeiss, Germany). In roots, which do not have pith tissue, only the relative
contribution of wood and bark was considered. The tissue cross-sectional
areas were then converted to diameters and the partial second moments of
area (Ly igue and Ly i) Of each tissue were calculated assuming circular
tissue outlines and a symmetrical distribution. The standard formulas for
filled cylinders (Eqs 5, 6) were used to calculate the partial second moment
of area of wood in roots and pith in young stems, whereas the partial second
moment of area of bark in both stems and roots and of wood in stems was
derived using standard formulas for hollow cylinders:

i
Iax, tissue — a (D_|4 - Df)

,and correspondingly

m 4 4
Ipol, tissue — ﬁ (D_] - Dl)
where D, and D, are outer and inner diameters of the tissue outlines. The
relative contribution of each tissue to I, and L) (Leyigue) Was finally cal-
culated by dividing Ly ssue polsisue) bY Lix (o). As the relative contribu-
tions of the different tissues are equal for I, and L, the L e values are

not reported separately for axial and polar moments of area.

Wood traits

Wood density (in g cm ) was measured using the water displacement
method. Root and stem segments, about 3 cm in length, were cut and
debarked. Stem segments were additionally split in half and the pith care-
fully removed. The wood pieces were soaked in water for at least 30 min
to ensure they were well hydrated. Each segment was then immersed
into a water-filled beaker placed on an electronic balance with the aid of
a dissecting needle and the weight of the displaced water was recorded.
All segments were then dried at 80 °C for 24 h to a constant weight, and
wood density was calculated by dividing the wood dry weight by the
volume of displaced water.

For wood anatomical measurements, transverse sections about 40 pm
thick were prepared with a sliding microtome. The sections were stained
in a mixture of 0.35% safranin and 0.65% alcian blue, dehydrated through
an ethanol series, and mounted in Neo-Mount (Merck Millipore,
Germany). The relative proportions of various cell types in wood, i.e.
vessels, fibres (including tracheids), and ray and axial parenchyma, were
measured with an Axio Zoom V16 microscope on wedge-shaped tran-
sects spanning from the root or stem centre to the cambium at X150
magnification. Image analysis involved manual tissue segmentation in
Photoshop followed by area proportion measurements using Fiji/Image]
(Schindelin et al., 2012). To obtain the relative proportions of different
cell types, the total surface area taken up by each cell type was divided by

the total surface area of the entire transect measured. The axial and ray
parenchyma proportions were already published in Plavcova et al. (2016).

In addition to cell type proportions, finer scale anatomical parameters
were analysed. Vessel lumen area was measured on the same xylem wedges
as the cell type proportions. The lumen areas were converted to vessel
diameters assuming circular vessel geometry. Ray density was measured by
counting the number of rays per quarter-circle-shaped root or stem wedge
imaged at X100 magnification. Ray width was assessed on images taken at
%200 magnification. The double wall thickness (DWT) and the lumen area
of fibres and axial parenchyma cells were measured on transverse sections.
These measurements were done at X1000 magnifications using a light
microscope equipped with an oil immersion objective (Leitz DMRB, Leica,
Germany). At least 150 individual cells were measured for each species and
organ. The lumen area was converted to lumen diameter (D;) assuming a
circular cell shape and the cell cross-sectional area (CSA), including the cell
lumen and secondary wall, was calculated as (Dy/2+DWT/2)% In add-
ition, the thickness to span ratio of fibre and axial parenchyma was calcu-
lated by dividing DWT by Dy, and used as a measure of cell reinforcement
(Pittermann ef al., 2006). The DWT and CSA values for four out of the nine
species shown here were already published in Jupa et al. (2016).

Wood density and wood anatomy measurements were carried out on a
different set of samples from those used for the mechanical testing. However,
the samples were collected from the same population of trees following the
same sampling scheme. Wood density was measured for six root and stem
samples from at least three different individuals per species. Wood anatomy
was measured on three root and stem samples from three different individuals.

Carbohydrate storage capacity and hydraulic conductivity
of wood

In addition to data on mechanical properties, we obtained estimates of
wood storage capacity and hydraulic conductivity in order to analyse po-
tential trade-offs among the three competing functions. Concentrations
of non-structural carbohydrates (NSC) in root wood and stem wood
(in mg g~!) measured for the same population of trees were taken from
Plavcova et al. (2016), and used as a measure of wood storage capacity.
Theoretical hydraulic conductivity was calculated from the measured
vessel radius (1) using the Hagen—Poiseuille equation (K,=(mr")/8p) and
normalized by a corresponding xylem wedge area (McCulloh et al.,
2010).All three functional parameters (E,,, NSC, and K},) were then con-
verted to a common scale from 0 to 100 and plotted on ternary axes
using the ggtern R package (Hamilton and Ferry, 2018).

Statistical analyses

The differences in structural and functional parameters between roots and
stems were analysed using linear mixed-effect models. The models were
fitted with organ (root or stem) being considered as a fixed factor and spe-
cies identity as a random factor. To analyse differences in cell wall thickness
of fibres and axial parenchyma, cell type was implemented as an additional
fixed effect factor. Prior to the modelling, the normality and homogeneity
of variance of the data were checked using the Shapiro—Wilk and Bartlett’s
tests, respectively. When the assumptions were not met, the data were log
transformed. The analyses were conducted on species-level means. The
models were fitted using the Ime function from the nlme R package
(Pinheiro et al., 2013). The mixed effect models described above were
designed to test for the overall difference between the two organs across
all species. In addition, we analysed differences between roots and stems
within each species using the Welch two-sample t-test. The interspecific
differences in mechanical parameters within each organ were evaluated
using Tukey-adjusted multiple mean comparisons. All data analyses were
completed using R statistical software (R Core Team, 2016).

Results
Mechanical properties

On average, roots were about five times more flexible in
bending and two times more flexible in torsion than stems.
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The total axial second moment of area (I,,) fell in a relatively
narrow range of between 100 and 250 mm®* for most of the
samples measured as care was taken to collect samples of similar
diameter. Correspondingly, the total polar second moment of
area (I,,) values ranged between 150 and 550 mm®. Slightly
larger stems and roots, corresponding to I, and I, values of
ca. 500 mm®* and 1000 mm®*, respectively, were collected for the
woody climber Clematis vitalba. When structural bending and
structural torsional moduli (E;, and G, ) were calculated, nei-
ther of them correlated significantly with I,, and L, (P>0.05).
Thus, we assume that the variation of E, and G

during ontogeny can be neglected in good approximation

« occurring
within the range of sample size tested in this study.

E. and G

i « values varied substantially among species and
organs, with E

L« ranging from 558 to 2913 MN m* and
from 1220 to 12 681 MN m™* (Fig. 1A) and G, spanning
from 48 to 254 MN m 2 and from 50 to 532 MN m* (Fig.
1B) for roots and stems, respectively. Carpinus betulus showed

the highest E, and G

r measured among all roots, while the
roots of Robinia pseudoacacia were found to be the most flex-

str
ible. Among stems, Robinia pseudoacacia, Carpinus betulus, Acer
pseudoplatanus, Fraxinus excelsior, and Fagus sylvatica exhibited
high values of both E, and G, whereas the stems of Clematis
vitalba, Tilia cordata, and Quercus robur showed relatively low
resistance to deformation in both bending and twisting (Fig.
1). Neither E;, nor G, showed a significant linear correlation
between roots and stems (P>0.05), indicating that the mech-
anical properties of roots and stems within the same species
are rather independent of each other. Contrasting mechanical
properties of roots and stems were most apparent in Robinia
pseudoacacia. Furthermore, all samples measured were consist-
ently stiffer in bending than in torsion, as shown by their twist
to bend ratios (EI/ GI) higher than 1. Roots had significantly
lower bend to twist ratios than stems (Fig. 1C). Overall, E;, and
Gy, values were closely correlated across species and organs

(Fig. 2A, r*=0.77, P<10™* and ¥=0.86, P<10™* for roots and
stems, respectively).

Relative tissue contributions to axial and polar second
moment of area

The mean relative contribution of pith to I, or L (L picn)
was very small in all stems measured, with L, typically less
than 0.01 and never over 0.05.The mean relative contribution
of wood to I or L, (L wooa) Was 0.36 in roots and 0.48 in
stems. Thus, the relative contribution of bark (I ,4) was 12%
higher in roots than in stems. Substantial differences in I yo0d
and Iy, also existed across the species investigated. The stems
of Carpinus betulus, Fagus sylvatica, Robinia pseudoacacia, and Acer
pseudoplatanus showed I 04 higher than 0.5, whereas I 004
values lower than 0.4 were observed in the stems of Clematis
vitalba and Tilia cordata. Due to the presence of a thick bark,
Ll wood Was also relatively low (i.e. less than 25%) in Robinia
pseudoacacia and Fraxinus excelsior roots. In contrast, the roots
of Fagus sylvatica had a very thin bark and hence I .04 Was as
high as 59%. In both organs, a higher proportion of wood was
associated with higher mechanical stiffness, as indicated by sig-

nificant positive correlations between I, qand both E, (Fig.

rel,woo

2B, ¥=0.62, P<0.05 and ¥ =0.81, P<10™ for roots and stems,
respectively) and G, (#=0.65, P<0.01 and ¥ =0.91, P<10™*
for roots and stems, respectively).

Xylem anatomical traits in relation to mechanical
properties

Wood density was significantly correlated with both E,, (=
0.27, P<0.05) and G, (#=0.33, P<0.05) when data from the
two organs were pooled.When the organs were considered sep-
arately, a significant correlation was found only between wood
density and E,, in roots (=0.48, P=0.04, Fig. 2C). Fibre prop-
erties appeared to be the main driver of wood density as evi-
denced by a significant positive correlation with fibre double
wall thickness to lumen diameter ratio (referred to as fibre
thickness to span ratio hereafter, Fig. 2D).The tissue fractions of
ray and axial wood parenchyma did not correlate significantly
with the mechanical parameters and were not directly associ-
ated with wood density (P>0.05). The cell walls of both axial
parenchyma and fibres were lignified as evidenced by staining
with safranin. However, compared with fibres, axial wood par-
enchyma showed similar cross-sectional areas (Fig. 3A) and nar-
rower cell walls than fibres (Fig. 3B),leading to a lower thickness
to span ratio in axial wood parenchyma of both roots and stems
(Fig. 3C). On the contrary, comparison of cell lumen and cell
wall dimensions between organs revealed significantly higher
mean cross-sectional areas in roots than in stems (Fig. 3A), but a
similar mean cell wall thickness in both axial wood parenchyma
and fibres (Fig. 3B). However, the resulting tendency to lower
thickness to span ratios in roots compared with stems was not
statistically significant (Fig. 3C). Across species, the thickness to
span ratios of axial parenchyma cells were more homogeneous,
ranging from 0.13 to 0.24 in roots and from 0.16 to 0.37 in
stems, while the thickness to span ratios of fibres were much
more variable, ranging from 0.15 to 1.09 in roots and from
0.17 to 0.79 in stems (Fig. 4). The interspecific variation in the
thickness to span ratio was primarily determined by the wall
thickness rather than the cell diameter as evidenced by approxi-
mately two times higher coefficients of covariation between
thickness to span ratio and wall thickness.

Roots had wider rays (P=0.01) and higher overall frac-
tions of radial parenchyma (P=0.004) compared with stems.
However, wide rays were not universally associated with
greater mechanical flexibility. For instance, wide multiseriate
rays were found in both stems and roots of Fagus sylvatica (Fig.
5A, B, E, F), although these organs belonged to the mechan-
ically stiffest specimens. In most species, ray cell walls were as
thick as fibre walls and appeared lignified as indicated by a
positive staining reaction with safranin. Clematis vitalba repre-
sented the only notable exception from this general pattern. In
this species, the outermost portions of rays in both roots and
stems were non-lignified as evidenced by intensive staining
with alcian blue (Fig. 5H).

Association between traits and trade-off analysis

A principal component analysis (PCA) clearly separated roots
and stems, summarized correlations between multiple traits,
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Fig. 1. Mechanical properties of young woody roots and stems. Structural bending moduli (Eg;,) (A), structural torsional moduli (Gg,) (B) and ratios
between bending and torsional stiffness (E//GI) (C) in roots (R) and stems (S) of nine woody angiosperms. Bars represent species-level means +SD (left-
hand graph panels, n=6-8 samples) and root- and stem-level means +SD calculated from the species-level means (right-hand panels, n=9 species).
Roots and stems are depicted in black and grey, respectively. For abbreviation of species names see Table 1. Asterisks above bars indicate significant
differences between root and stems within each species (Welch two sample t-test) at P<0.05 (*), P<0.01 (**) and P<0.001 (***). Significant differences
between species within each organ are indicated by different letters (Tukey’s adjusted multiple mean comparisons); uppercase letters are for roots,
lowercase letters are for stems. P-values in the right-hand panels correspond to significance levels of the fixed effect ‘organ’ (mixed effect models with

random effect of species).

and provided insights into trade-offs and their structural
underpinnings (Fig. 6). The first component explained 45% of
the variation of the dataset and showed strong positive loadings
with E,, Gy, Ly, and wood density, and negative loadings
with lumen area of parenchyma cells and vessel diameter. The
first component can therefore be interpreted as a trade-off be-
tween mechanical function, which is prominent in stems, and
storage and hydraulic functions that are both more emphasized

in roots. The second component, which explained 22% of the
variation, was most strongly related to fibre and parenchyma
tissue fractions, which co-vary in the opposite direction.

The overall coordination between mechanical stiffness,

storage capacity, and hydraulic conductivity was also visual-
ized in ternary diagrams. The diagrams provide evidence for
structure—functional trade-offs that differ across and within
organs (Fig. 7). A strong trade-off between mechanical
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wood density and structural bending modulus (E;), and (D) between wood density and fibre double wall thickness to lumen diameter ratio. The symbols

represent mean values and SD of roots (black) and stems (grey).

stiffness and storage capacity is clearly apparent between
roots and self-supporting stems (Fig. 7A). The stems of the
non-self-supporting liana Clematis vitalba exhibited low
mechanical stiffness and high hydraulic conductivity, and
hence clustered with roots (Figs 6, 7A). The stems of Tilia
cordata were positioned in the centre of the ternary plot
(Fig. 7A), exhibiting the strongest compromise between all
three functions. When the data for Clematis vitalba were ex-
cluded and the data for self-supporting trees were plotted
separately for roots (Fig. 7B) and stems (Fig. 7C), the within
organ variation became more apparent. The root data (Fig.
7B) separated more homogeneously across the functional
triangle compared with stems (Fig. 7C), in which the
data were mostly positioned along the mechanics—storage
trade-off. Within roots (Fig. 7B), hydraulics was the dom-
inant function in Robinia pseudoaccacia, Fraxinus excelsior, and
Tilia cordata, while mechanics was dominant in Carpinus
betulus and Fagus sylvatica, with storage being dominant in
Quercus robur. All three functions were most strongly com-
promised in the roots of Acer pseudoplatanus and Prunus
avium. Within stems (Fig. 7C), the mechanical function
was most pronounced in Carpinus betulus and Prunus avium,
while the storage function was most dominant in Quercus
robur, with hydraulics being most prominent in Tilia cordata.
The stems of Fraxiunus excelsior compromised mainly be-
tween the mechanical and hydraulic function, while Fagus
sylvatica, Robinia pseudoaccacia, and Acer pseudoplatanus were
found to be compromised between storage and mechanical
functions.

Discussion

In agreement with our hypothesis, roots showed lower resist-
ance to both bending and twisting forces than self-supporting
stems (Fig. 1A, B). From the two mechanical parameters, a
greater difference was observed in E;, than in Gy, resulting
in lower twist to bend ratios (EI/GI) of roots (Fig. 1C). The
higher mechanical stiffness of self-supporting stems allows
them to grow outward and support leaves for efficient light ac-
quisition. Contrarily, the greater mechanical flexibility of roots
helps them to avoid overcritical bending and torsional loads
caused by the movement of soil components in relation to
the Mohr—Coulomb law (Mattheck and Breloer, 1994), and
allows roots to navigate their surroundings with less resistance.
Mechanical properties of woody roots were less frequently
quantified than those of stems, despite their importance in
anchoring trees to their substrate (Niklas, 1999b; Karrenberg
et al.,2003), penetrating compacted soil (Day et al., 1995), and
stabilising and reinforcing slopes (Schwarz et al., 2010). Thus,
our data may be useful to parameterise models for these kinds
of applications. However, it has to be taken into account that
we did not investigate the variation of mechanical properties
along the stems and roots depending on their position within
the plant and their stage of ontogeny. Fine roots are likely to
be exposed to tensile forces and show a high tensile rigidity,
whereas older root segments close to the stem base show a
high resistance to bending and compression (Ennos, 2000). In
order to allow for a comparison between species we sampled
all root segments at approximately 1 m from the root collar. It
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Fig. 3. Comparison of axial wood parenchyma and fibre cell structure in
roots and stems of nine angiosperm species. Mean values and SD of (A)
cell cross-sectional area (CSA), (B) double wall thickness (DWT), and (C)
thickness to span ratio of axial wood parenchyma (AP) and fibre (F) cells.
Roots and stems are depicted in black and grey, respectively. Significance
levels for the fixed effect factors organ and cell type are given (mixed effect
models with random effect of species).

is likely that segments farther away from the stem show dif-
ferent mechanical properties, in particular in tension, which we
have not studied here.Young stems (or the young tips of stems)
are also known to be more flexible in bending than older stems
(or the older bases of stems) and are therefore able to avoid
critical stresses by streamlining parallel to mechanical forces
(e.g. when submitted to wind loads), whereas older stems have
a considerably higher bending resistance (Speck, 1994; Speck
et al., 1996; Rowe and Speck, 2004).

The structural underpinnings of mechanical properties
can be linked to multiple morpho-anatomical characteristics
of woody organs (Figs 2, 6). In both woody organs, E, and
the G, were positively correlated to a greater proportion of
wood relative to bark. While wood represents the stronger of
the two tissues, the importance of bark for whole organ mech-
anics originates mainly from its position far from the neutral
axis (Niklas, 1999q; Karrenberg ef al., 2003). The overall lower
I wooa and the relatively weaker correlation of I 04 With
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Fig. 4. Variation in thickness to span ratio (i.e. the ratio between double
wall thickness and cell lumen diameter) of axial wood parenchyma cells
(AP, black) and fibres (F, grey) in roots (A) and stems (B) of nine woody
angiosperm species. For abbreviation of species names see Table 1.

both structural moduli in roots compared with stems (Fig. 2B)
indicates that the relative contribution of bark to the mechan-
ical properties was greater in roots. These results are consistent
with Pratt et al. (2007), who reported an important contri-
bution of bark to root mechanics for nine chaparral species.
In our study, higher values of I 4,4 were typically found in
organs with low wood density (e.g. in the roots of Robinia
pseudoacacia, Fraxinus excelsior, and Quercus robur, and in the
stems of Tilia cordata) suggesting that a thick bark, sometimes
strengthened by the presence of lignified fibres (Fig. 5C), par-
tially compensates for a mechanically weak wood and may
even have additional functions for controlling tree posture
(Clair ef al., 2019). An additional structural role of bark may
be in the protection from abrasion caused by soil particles and
stones when roots are mechanically loaded. However, other
functions, unrelated to mechanical properties, such as defence
against pathogens, storage, and phloem transport towards the
root apical meristems, are also correlated with bark thickness
(Rosell et al., 2014).

Although there was no significant difference in wood density
between the tested young roots and stems, wood density was
positively related to E, and G, across species (Fig. 2C). A close
association of wood density and mechanical properties has also
been evidenced in a number of previous studies (Jacobsen et al.,
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Fig. 5. Anatomy of young woody roots and stems at three different magnifications. Anatomical characteristics of roots of Fagus sylvatica (A, E, I) and
stems of Fagus sylvatica (B, F, J), stems of Tilia cordata (C, G, K) and stems of Clematis vitalba (D, H, L) photographed at increasing magnification.
Thicker bark (A versus B), wider rays (E versus F) and greater size of xylem cells (I versus J) are typical of roots compared with stems. Stems of Tilia
cordata have a thick bark strengthened by strands of lignified fibres (C), wood of low density (G) and fibre and axial parenchyma with narrow cell walls
(K). Specialized anatomy of lianescent stem of Clematis vitalba showing lobbed wood-bark boundary (D), wide multiseriate rays that have a non-lignified
outermost portion (nir-r) (H) and living fibres large in diameter and with a thick secondary wall (L). Abbreviations: ap, axial parenchyma; b, bark; f, fibre; nlr,
non-lignified ray; p, pith; r, ray; w, wood.
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Fig. 6. Principal component analysis (PCA) biplot showing the overall coordination of xylem structural traits in roots (black) and stems (grey). Structural
traits are lumen area of axial and ray parenchyma (AP.LA, R.LA), vessel diameter (Dv), thickness to span ratio of fibres (F.T.over.D), fibres tissue fraction
(F), ray and axial parenchyma tissue fraction (RAP), vessel tissue fractions (V), theoretical hydraulic conductivity (Kj,), concentration of non-structural
carbohydrates (NSC), bending structural modulus (E,), torsional structural moduls (Gg;,) and wood density (wd). Roots and stems are depicted in black
and grey symbols, respectively. For abbreviation of species names see Table 1.
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Fig. 7. Trade-off triangle showing the relative division of xylem function between mechanical stiffness, carbohydrate storage capacity, and hydraulic
conductivity for roots and stems of nine woody angiosperm species. Data from both organs are plotted together (A), or for roots (B) and stems (C)
separately. The data for non-self-supporting Clematis vitalba are not included in (B, C). Mechanical properties are represented by the structural bending
modulus (E,), Storage capacity is represented by the concentration of non-structural carbohydrates measured at the onset of winter dormancy (NSC),
and hydraulic conductivity is represented by the theoretical hydraulic conductivity (K}). Species abbreviations follow Table 1. Roots and stems are shown

in black and grey symbols, respectively.

2007; Chave et al., 2009; Niklas and Spatz, 2010). From all ana-
tomical parameters measured, wood density was most strongly
correlated with the wall thickness to span ratio of fibres (Fig.
2D). Mechanically stiffer stems also had higher area fractions
of fibres and lower fractions of ray and axial parenchyma com-
pared with roots (Table 2). However, the higher fractions of
parenchyma did not translate directly into reduced mechan-
ical stiffness despite parenchyma cells having lower thickness
to span ratios than fibres (Fig. 3C). The finding that fibre re-
inforcement rather than fibre proportions exerts major control
over wood density and mechanical performance is in line with
the findings on 24 Australian tree and shrub species from three
climate zones (Zieminska et al., 2013).

Parenchyma and fibre cells were on average larger in diam-
eter in roots than in stems, while the wall thickness did not
differ significantly between organs (Fig. 3A, B). Consequently,
the larger cell size resulted in lower thickness to span ratio of
root fibres and axial wood parenchyma cells, which is in line
with lower mechanical demands and greater storage capacity of
roots. While the presence of narrower cell walls constitutes an
important criterion in the formal anatomical definition of axial

wood parenchyma cells (Wheeler ef al., 1989; Carlquist, 2001),
our results demonstrate that the morphological dichotomy be-
tween fibres and axial parenchyma cells is highly variable across
species (Figs 4, 51-L).The dichotomy was large in Fagus sylvatica
and Prunus avium, and low in Acer pseudoplatanus, Fraxinus excel-
sior,and Tilia cordata. The difference was mainly driven by fibre
wall thickness, while the lumen size and wall thickness of axial
parenchyma cells were rather uniform across species.

Due to its radial orientation, the effect of ray parenchyma
on mechanical stiffness is complex and will differ depending
on the direction of mechanical loading. In our study, a higher
fraction of ray parenchyma associated with the presence of
wider rays (Table 2) could contribute to a greater mechanical
flexibility of roots compared with stems. Wide multiseriate rays
were found in the roots of Clematis vitalba, Fagus sylvatica (Fig.
5A, E), and Prunus avium, and also in the stems of Fagus sylvatica
(Fig.5B, F). Ray cells in most of the tested species appeared fully
lignified as suggested by a positive staining reaction with saf-
ranin, and the thickness of their walls was comparable to those
of fibres. Only the rays of Clematis vitalba were partially non-
lignified (Fig. 5H). In this climbing species, wide non-lignified
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Table 2. Anatomical parameters of ray and axial parenchyma for roots and stems of nine woody angiosperm species

Species RP (%) AP (%) RAP (%) Ray density Ray width AP DWT AP D,
(count per 90° wedge) (um) (um) (um)

Roots
All 18.2+5.2a 138.0+6.3a 31.3+£9.2a 24.4+111a 32.8+26.2a 2.4+0.7a 14.1+1.4a
Ap 14.7+6.4 0.7+0.3 15.4+6.6 22.3+7 17.3+3.3 3.4+0.3 14.3+2.5
Cb 20.3+3.8 15+2.6 35.3+6.4 36.3+3.5 30.3+6.4 2.6+0.6 14.3+0.8
Fe 13.2+3.9 21.1+£3.3 34.3+4.2 20+4 19.5+6.2 2.2+0.3 14.9+1
Fs 23.1+9.5 17.1+6.9 40.2+8.2 21+1.7 43.2+2.1 2.1+0.4 13.1£0.4
Pa 28.8+3.5 14.3+2.3 43.1+£5.2 33+5.6 35.7+11 2+0.1 12.5+1.5
Qr 18.9+1.5 16.9+8 35.7+£7.5 39.7+13.1 15.9+1.9 1.8+0.1 13.9+1.5
Rp 17.1+2 156.5+1.3 32.6+2.5 28.3+7.1 16+0.2 2+0.4 15.4+0.3
Tc 15.6+3.8 5.4+2.1 21+4.5 13.7£3.8 19.6+5.3 1.8+0.5 12+1.6
Cv 12.5+5.3 11.3+3.6 23.8+8.6 5+1 97.5+2.8 3.6+0.3 16.6+2.1

Stems
All 13.7+4.0b 8.8+7.6a 22.5+6.5b 30.7+12.2b 26.6+£34.1a 2.6+0.8a 8.6+1.7b
Ap 11.5+5.1 1.8+0.6 13.4+5.7 30.3+2.1 10.2+1 2.5+0.5 8.6+1.2
Cb 17.6+2 6.2+2.7 23.8+0.8 49.3+9 11.2+11 2.7+0.4 9.1+0.3
Fe 13.324.5 5.4+0.4 18.7+4.8 25.3+4.9 13+1.4 2.7+0.3 7.5+0.2
Fs 16.4+0.4 30.7+£5.3 47157 20.7£1.2 21.1£2.9 1.6+0.2 21.1£1.9
Pa 20.7+£3.5 2.7+1 23.4+4.5 41+3.6 13+1.7 2.1+£0.2 6.6+0.4
Qr 10.9+£2.1 22.7+£2.1 33.6+0.1 35.3+4 9.9+1.4 2.2+0.2 9+1
Rp 9.9+1.6 20.9+6.3 30.8+7.8 30.3+6.7 1112 2.7+0.4 7.9+£0.5
Tc 9.7+0.7 7.5+£2.3 17.2+2 27+5.3 11.3+1.3 1.5+0.4 9.4+0.9
Cv 12.1+£3.7 6.1£3.3 18.3+3.4 5+1 111.3£8.5 4.3+0.3 12.4+1.7

Values represent means +SD. Different letters indicate significant difference between roots and stems (mixed effect models with random effect of
species). AP, area fraction of axial parenchyma; AP D,, mean lumen diameter of axial parenchyma cells; AP DWT, mean double wall thickness of axial
parenchyma cells; RAP, area fraction of ray and axial parenchyma; RP, area fraction of ray parenchyma.

portions of rays were present in the outermost region, close
to the vascular cambium, thereby forming wedge-shaped inci-
sions in the otherwise lignified secondary xylem. Due to their
position far from the neutral axis, the incompletely lignified
ray cells likely result in a substantial mechanical weakening
and represent one of the structural features causing the high
mechanical flexibility found in Clematis vitalba roots and stems
(Isnard et al., 2003). Similarly, non-lignified or partially ligni-
fied rays have also been observed in other climbers such as
Apristolochia malacophylla (Wagner et al., 2012). The high pro-
portion of large-diameter vessels typical of lianescent wood
and some roots can be considered as an additional factor con-
tributing to the low mechanical stiffness in stems of climbing
species (Gasson and Dobbins, 1991; Rowe and Speck, 1996,
2014; Gallenmiiller et al., 2001).

The overall structure—function trade-offs differ for be-
tween- and within-organ comparisons (Fig. 7). Our results
demonstrate that it is rare for xylem to compromise all three
functions equally. Instead, one of the three functions is usually
more pronounced, while the remaining two functions may or
may not co-vary. In self-supporting stems, the higher demands
for mechanical stability clearly represent a major constraint.
The isolated position of the stems of the liana Clematis vitalba
in the trade-off triangle (Fig. 7) represents a further proof of
the different mechanical and hydraulic properties of non-self-
supporting plants (Rowe and Speck, 2004, 2014). In roots with
fewer mechanical demands, xylem can be designed with a
greater emphasis on either storage (e.g. Quercus robur) or hy-
draulic function (e.g. Tilia cordata, Robina pseudoaccacia; Fig. 7B).

The functional trade-offs primarily originate from a division
of labour between different cell types. Besides cell type frac-
tions, finer scale anatomical properties of different xylem cells,
such as the lumen size and cell wall thickness, affect these re-
lationships. From a functional perspective, the secondary wall
thickness is critical in fibres, the lumen area in parenchyma cells
and conduits (including vessels and tracheids). Our data show
that, at least in juvenile wood, fibre wall thickness is highly
variable across species and organs, while wall thickness of axial
parenchyma is much less variable (Fig. 4). The main source of
functional diversity in axial parenchyma across species is due to
variation in their tissue fraction (Morris et al., 2016b; Plavcova
et al., 2016), arrangement (Morris et al., 2018), and biochem-
ical properties (Plavcova and Jansen, 2015), rather than in the
lumen size of individual cells. In contrast to axial parenchyma
cells, vessel diameter is greatly variable across species and or-
gans (Hacke et al., 2017). Greater plasticity of vessel diameter
may represent a selective advantage because hydraulic function
is more sensitive to increases in vessel diameter. In accordance
with the Hagen—Poiseuille equation, even a small increase in
vessel diameter results in a large increase in conductivity, de-
pending on the vessel diameter by the power of four (Tyree
and Ewers, 1991). However, in self-supporting species the
xylem structure is not severely altered by conduit width be-
cause larger conduits are less numerous, and the overall conduit
lumen fraction remains fairly similar at around 15-20% (Zanne
et al., 2010; Morris et al., 2016b).

In summary, our results demonstrate that higher demands
for mechanical stability in self-supporting stems put a major
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constraint on xylem structure, whereas root xylem can be de-
signed with a greater emphasis on both storage and hydraulic
functions. The interplay between mechanical stiffness, nutrient
storage, and hydraulic conductivity in young woody roots and
stems is driven by differences in cell type relative fractions, cell
size, and secondary wall reinforcement of these cells.
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Parenchyma is not the sole site of storage: storage in living fibres
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Summary — Storage of nutrients and water are important functions of secondary xylem that have received much attention lately.
In most of these studies, the storage role has been attributed to the fraction and arrangement of ray and axial parenchyma.
However, in the current article, we show that in many species, especially those from tropical and subtropical regions (where
most of the world’s plant species are found), nutrient and water storage is carried out by living imperforate tracheary elements
(ITEs), colloquially termed “living fibres”. The occurrence of living fibres has been long recognized by anatomists, and especially
emphasized in the work of Sherwin Carlquist. In spite of this, living fibres have remained largely unacknowledged by most plant
physiologists and ecologists. To raise awareness about the existence of living fibres and to celebrate the illuminating work of
Sherwin Carlquist, we summarize our current understanding of the structure, function, and occurrence of living fibres and
emphasize that they should receive more attention when studying storage in wood.

Keywords — axial parenchyma, capacitance, carbohydrates, rays, trade off, tropics, wood.

Introduction

Sherwin would be pleased with the recent upsurge of interest in the storage of water and non-structural
carbohydrates in the secondary xylem (Jupa et al. 2016; Morris et al. 2016a; Plavcova et al. 2016, 2019; Secchi et al.
2017; Klein et al. 2018; Kiorapostolou et al. 2019; Pratt et al. 2021a, b). Most of these studies emphasize the role of
ray and axial parenchyma in storage, which is consistent with the traditional view of the division of labor between
different cell types in wood (Pratt & Jacobsen 2017; Pratt et al. 2021a, b; Fig. 1). However, it is very important to note that
axial parenchyma is often not the only or even the main storage site in the axial system (Carlquist 1988, 2012, 20153;
Plavcova et al. 2016). Sherwin was by far the anatomist who emphasized most strongly that in many, possibly even
most, species with libriform fibres, these cells are living at maturity, as evidenced by nuclei, septa, or starch. Based
on his detailed observations and excellent knowledge of species biology (e.g., their ecological preference, habitat,
and reproductive biology), he formulated hypotheses and tested them by the comparative method. In his attempt
to understand how natural selection shapes plant water and nutrient storage, Carlquist focused on species lacking
parenchyma as well as those with conspicuous types of parenchyma (such as wide parenchyma bands, diamond-
shaped paratracheal arrangements, or regular reticulate parenchyma meshes). In his work, he pointed out that there
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Published by Koninklijke Brill NV, Leiden


mailto:lenka.plavcova@uhk.cz
https://orcid.org/0000-0002-3395-4463
http://dx.doi.org/10.1163/22941932-bja10112

L. Plavcovd et al.

Fibers Support

Function
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Fig. 1. Division of functions (mechanical support, storage of water and nutrients, transport of water) among major cell types in
wood. Redrawn from Pratt & Jacobsen (2017).

are many cases where axial parenchyma is very scarce or even absent, even in species that store large amounts of
carbohydrates or water in the axial cells (Carlquist 2015a).

Given the widespread occurrence of living fibres and that, when present, they are invariably involved in storage, it
is crucial that the expanding field of xylem storage studies be built on a proper foundation in which living fibres
are explicitly included and that the parenchyma is not considered as dependably being the main living fraction
and storage site (as do, e.g., Kotowska et al. 2020). To help guide the emerging and much-welcomed interest in
secondary xylem storage, we emphasize various Carlquistian points. We explain why xylem biologists cannot assume
that storage is occurring only in the parenchyma. In doing so, we explain the distinction between axial parenchyma
and living fibres. We summarize the typical features that anatomists use to diagnose living non-parenchyma cells,
and touch on the need to study fresh or liquid-preserved, and not dried, wood samples, a topic Sherwin highlighted
repeatedly throughout his work. To illustrate our point that storage can occur in sites other than parenchyma, we
give examples of massive storage in species that have very little or even entirely lack axial parenchyma. We also touch
on the relationship between ray and axial parenchyma before summarizing some important research priorities that
urgently require attention with regard to the sites of storage in the secondary xylem.

Anatomical features of axial parenchyma and living fibres

Thorough knowledge of structure is an essential prerequisite for understanding function. In the following, we
highlight the anatomical features that help distinguish axial parenchyma from living fibres. While angiosperm wood
consists of only four principal cell types (i.e., vessel elements, axial parenchyma, ray parenchyma, and imperforate
tracheary elements (ITEs)), their distinction is often not straightforward due to the high variability of their anatomical
features (e.g., cell size, wall thickness, pit abundance and structure) as well as their complex integration into the three-
dimensional structure of wood (Kedrov 2012; Morris et al. 2016a).

The cells in secondary xylem can be thought of as two “systems,” axial and radial. The ray initials give rise to the
radial system — the ray cells — which in larger woody stems have the long axes of their cells oriented radially. The
axial cell types are produced by fusiform cambial initials rather than ray initials. The cells produced by the fusiform
cambial initials have their long axes oriented parallel to the stem or axis, hence they are called “axial” cells. The axial
cells include vessel elements, axial parenchyma, and various types of ITEs. In Sherwin’s classification, the main ITEs
were of three types, tracheids (which are water conductive), plus libriform fibres and fibre-tracheids, which are non-
conductive (Carlquist 1986; Rosell et al. 2007; Olson et al. 2020). Throughout the article we follow this more inclusive
definition of ITEs as proposed by Carlquist (1986) and limit our discussion to flowering plants. “Imperforate” is a
useful qualifier because it indicates that, unlike vessel elements, imperforate tracheary elements lack perforations,
communicating with adjacent cells via pits and the primary membranes that surround each cell. “Tracheary” refers
to both vessel elements and ITEs. In contrast to the helpful “imperforate,’, “tracheary” is a little more unfortunate
qualifier because it references air movement in animal tracheas, harkening back to a time when vessels were thought
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Fig. 2. Distinction between septate fibres and axial parenchyma in a specimen of Ilex mitis (Aquifoliaceae). The axial parenchyma
cells (ap) are divided into strands about the same lengths as the vessel elements they are adjacent to, and each cell in a strand is
surrounded by a secondary cell wall. In contrast, the septate fibres (sf) are single cells divided into compartments by one or more
septa (small arrowheads), primary walls traversing the cell lumen perpendicularly. Scale = 200 pm.

to conduct air (Malpighi 1675; Grew 1682). Moreover, “tracheary” is confusing because not all tracheary elements
conduct, as in libriform fibres and fibre-tracheids. Whether conducting or not, the tracheary elements are united in
that they are all the axial cells that are not axial parenchyma. Tracheids are dead at maturity, whereas fibre-tracheids
and libriform fibres are often living and participate with, and often instead of, the axial parenchyma in storage of
photosynthates and their loading into vessels (Carlquist 1988, 2007, 2015). Similar to Carlquist, Wolkinger (1969)
observed the presence of living fibres in many species of trees and shrubs. Based on morphological and histological
features, Wolkinger (1969) distinguished three types of fibres: dead libriform fibres, living non-septate fibres, and
living septate fibres. He also noted that the living wood fibres were usually shorter than the dead libriform fibres
and the septate fibres were shorter than the non-septate ones. Variation in living fibre length was accompanied by a
difference in the shape of the nuclei, which were oval in the longer fibres and round in the shorter ones. Septa consist
of primary cell wall material and therefore contrast with the lignified secondary wall when stained e.g., with a mixture
of safranin-Alcian blue.

In most species, ITEs and axial parenchyma cells are quite distinct developmentally, but across, and sometimes
within species, it is possible to find a developmental and functional continuum between them (Figs 2 and 3B).
Examining this morphological and functional continuum helps to understand why axial parenchyma and ITEs
regions can trade off functionally across species. When distinguishing ITEs from axial parenchyma, ITEs almost
always elongate via intrusive growth beyond the lengths of the fusiform cambial initials from which they are derived
(Majda et al. 2021). Axial parenchyma cells, on the other hand, do not elongate during maturation and typically divide
into “strands” of two or more cells by transverse division of the derivatives of fusiform cambial initials. However, in
some cases, the products of fusiform cambial initials do not elongate and do not divide into strands, which means that
they are, with regard to length and transverse division or lack thereof, morphologically intermediate between ITEs and
axial parenchyma cells. Another feature that distinguishes ITEs and axial parenchyma is the deposition of lignified
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Wimmeria bartlettii, storage in bands of axial parenchyma
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Fig. 3. Similar patterns of water and starch storage can be carried by either axial parenchyma or living imperforate tracheary
elements, an example from Celastraceae. In transection, both Wimmeria bartlettii (Olson 4831), a rainforest tree (A), and
Plenckia populnea (Olson 5613), a savannah tree (B), have tangential bands of living, starch-filled storage cells (arrows) traversing
backgrounds of true tracheids, which are dead, water conductive imperforate tracheary elements. In this respect, both W. bartlettii
and P. populnea look very similar in the basic organization of their wood, with conductive background imperforate tracheary
elements with mostly solitary vessels embedded in them, and largely vessel-free bands of storage cells. Closer inspection reveals
that the storage cells are different in these species. C. In W. bartlettii, the storage cells are axial parenchyma, as can be seen in
this radial section (the white arrow highlights a band of axial parenchyma), but in P. populnea (D), the storage cells are septate
fibre-tracheids (black arrows). (E) In a strand of axial parenchyma, each storage cell is surrounded by its own secondary wall.
(F) In contrast, in septate fibres or fibre-tracheids, a single cell is divided into two or more living compartments by a primary
membrane that traverses the imperforate tracheary element lumen. One septum of a fibre-tracheid is indicated here with a
black arrow. In developing into axial parenchyma, a cell produced by division of a fusiform cambial initial usually divides into
“strands.” In forming a strand, the product of a fusiform initial division divides transversely one or more times. In Wimmeria, the
strands are quite long (C), in this case 5-10 cells long. The cells of one strand are identified with white dots. Fusiform cambial
initial length is estimated from the lengths of vessel elements; the length of one element is delimited with black bars. The strand
of axial parenchyma is the number of cells falling between these bars and thus presumably derived from a fusiform initial of
about that length; because the strand is very close to the vessel element in this radial section, it is possible that the strand of axial
parenchyma and the vessel element were produced from the same initial. Scale: A, B, D = 500 pm; C = 300 pm; E, F = 50 pm.

secondary cell wall, which is usually (but not always, see Carlquist 2014) thicker in ITEs compared to axial parenchyma
(Plavcova et al. 2019). When distinguishing septate ITEs from axial parenchyma strands, one must carefully examine
whether the secondary cell wall surrounds the entire outline of each cell in the strand (denoting axial parenchyma)
or whether the secondary wall is present only on the longitudinal walls while the transversal wall is formed as a thin
septum formed only by the primary wall (indicating septate fibres) (Figs 3 and 4). Taken together, a morphological
continuum from libriform fibres to non-septate and septate fibres to axial parenchyma makes developmental sense
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Fig. 4. (A) Axial parenchyma (ap) in Ilex mitis (Aquifoliaceae) with the secondary cell wall and ample pitting on both lateral and
transversal walls. (B) Septate fibre (sf) in Schefflera abyssinica (Araliaceae) with septum made of primary cell wall material. Scale:
A =50 um; B =100 pm.

Fig. 5. The appearance of septate libriform fibres on a transversal (A), radial (B) and tangential (C) section in Nuxia congesta
(Stilbaceae). (A) in transverse section, the plane of sectioning passing through a fibre occasionally includes a septum. In this
image, septa can be seen as blue-staining membranes traversing the fibre lumen. In radial (B) and tangential (C) sections, septa
can be seen as blue bands running perpendicular to the libriform fibre lumina. Most fibres have a single septum but some have
two or three. Unlike axial parenchyma strands, which are the same lengths as the vessel elements they accompany, here it is easy
to see that libriform fibres are longer than vessel elements thanks to the intrusive growth they experience.

because all these cell types can be produced by altering the timing and intensity of cell division, cell death, cell
intrusive elongation, and cell wall deposition. It also follows that the correct distinction between these cell types
can only be made by consulting transverse, radial, and tangential sections (Figs 3 and 5) along with macerations and
then making an educated guess as to what can be seen in transection. As a result, in interpreting any given transection,
it will often be the case that the identity of some cells cannot be determined with certainty.

In addition to axial parenchyma, another main fraction of parenchyma in secondary xylem is ray parenchyma. The
rays appear to be key cell types that translocate water and photosynthates, potentially across a pressure gradient
(Carlquist 2007). In small stems, ray cells are oriented vertically and probably participate in the movement of
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photosynthates axially. As stems expand in girth, ray cells become oriented radially and likely engage in radial
movement (Olson 2020). Because the rays of larger stems run radially, they provide little axial connectivity. Living
axial cells, such as the axial parenchyma, provide such axial connectivity. They do so because, when they come into
contact with a ray, they advance in concatenated axial strands traversing ray-free areas, to contact rays again. In this
way, the ray and axial parenchyma cells in wood can form an interconnected three-dimensional network (Kedrov 2012;
Morris et al. 2016a). In species that lack axial parenchyma, the ITEs are apparently always living, often, apparently
always septate (Carlquist 2015a). This suggests that axial connectivity is essential in wood and that natural selection
never favours configurations that lack some kind of axial connectivity between rays, whether in living ITEs or in
axial parenchyma. It is, therefore, possible to observe woods with both ray and axial parenchyma plus living or dead
ITEs. However, there appear to be no cases of species with dead ITEs that lack axial parenchyma entirely. Moreover,
the species that lack rays either have axial parenchyma or living ITEs (Carlquist 2015b). Again, apparently, natural
selection never favors a situation where there are no living cells in the secondary xylem.

The usefulness of Sherwin’s ITE classification system for studying storage in wood

Currently, there are two main systems for classifying ITEs, and these systems have different objectives. Sherwin’s is
a tool to explore relationships between xylem structure and function and its categories can be considered hypotheses
for testing and potential rejection and refinement (Carlquist 1986). The other is the IJAWA wood identification
classification (Wheeler et al. 1989). This classification is a set of conventions intended to be stable over time,
facilitating communication and the construction of wood identification tools. In the IAWA scheme, all ITEs are
lumped together as “fibres,” almost certainly masking important parenchyma-ITE covariation patterns that the
Carlquistian classification helps to highlight. For example, Carlquist notes that tracheids are dead at maturity and
so all storage must take place in the axial and ray parenchyma or in non-conductive ITEs. To our knowledge, there are
no rayless species or species lacking axial parenchyma that have tracheids as the only ITE type; such species would
have nowhere to store water and photosynthates in the axial system. Because the axial system provides essential
axial interconnectivity between rays, it is unlikely that natural selection would ever favour a wood that entirely lacks
some sort of axial system storage. In contrast, species with libriform fibres can indeed lack axial parenchyma or even
be rayless, but there are no species with only tracheids that are rayless (Carlquist 1970, 1985, 2015b). Species with
tracheids might have more rays and axial parenchyma than species with non-conductive ITEs, and almost certainly
those with living ITEs. This expectation remains to be tested empirically. Only species with living fibres or fibre-
tracheids can, presumably, lack axial parenchyma entirely. Moreover, there can be a diversity of ITEs in the samples
of the same specimen, with some functioning more in support and others more in storage (Carlquist 2014, 2015a), so
careful examination of ITEs morphology and histology within species is necessary. Thus, careful anatomical work is
required to begin to obtain quantitative data that are informative regarding the covariation or lack thereof, between
ITEs and axial and ray parenchyma.

Different cell types can carry out similar functions in xylem tissue

Secondary xylem (wood) is not only the primary water-transporting tissue but also an important site storing
water, carbohydrates, and nutrients. Due to the high stiffness and rigidity of lignified cell walls, wood also provides
excellent mechanical support, allowing for the remarkable height growth of trees as compared to species with little
accumulation of secondary xylem. In most angiosperms, water conduction occurs via dead hollow tubes formed by
stacked vessel elements, the storage function has traditionally been attributed to living ray and axial parenchyma
cells, and mechanical support is facilitated by libriform fibres (Fig. 1). This division of labour between cell types
presents a traditional view included in most textbooks on xylem anatomy and physiology. However, the reality is
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fuzzier, and the same cell type often fulfills multiple functions, or in another view, multiple cell types work together
in carrying out the same elemental function. For instance, wood rays are involved in radial transport, and storage (Van
Bel1990), and also contribute significantly to the high radial strength of wood (Burgert et al. 2001; Burgert & Eckstein
2001). Similarly, long-distance transport of water occurs mainly in vessels, but tracheids can serve as auxiliary water-
conducting pathways or a bypass route around the cavitated vessels (Sano et al. 2011; Cai et al. 2014). Likewise, fibres
help to sustain conduction by bearing the mechanical loads imposed by negative pressures within vessels (Jacobsen
et al. 2005).

Involvement in functions in addition to mechanical strength is common in the case of ITEs, perhaps because
they represent the most abundant cell type in wood. As already mentioned, based on their involvement in water
conduction versus mechanical support, ITEs have been distinguished into tracheids, fibre-tracheids, and libriform
fibres, with the first type being water conductive and the two later types being non-conductive (Carlquist 1986; Sano
et al. 2011; Carlquist 2014). Although these categories are useful, it has been emphasized that these cell types might
form a morphological continuum rather than discrete categories (Sano et al. 2011; Echeverria et al. 2022). However
sharp the morphological and functional boundaries between these categories might be, tracheids have been reliably
shown to be involved in water conduction in many species (Sano et al. 2011). Due to their narrow lumina, they are not
very hydraulically efficient compared to vessels, but they probably serve as an auxiliary water-conducting pathway
(Kedrov 2012). Thus, tracheids may provide the conductivity of residual water after embolization of wide vessels (Sano
et al. 2011; Pratt et al. 2023), may serve as efficient hydraulic bridges that connect solitary vessels (Cai et al. 2014; Pan &
Tyree 2019), or contribute to wood capacitance (Jupa et al. 2016; Zieminska et al. 2020). Detailed structure-function
observations provide further insight into the functioning of ITEs. For instance, tracheids occurring in latewood rather
than earlywood have more pits, and the pit membranes are sheet-like without large holes that would permit air entry
(Sano et al. 20m).

Background tissue ITEs may also serve in storage because both libriform fibres and fibre-tracheids can be living
at maturity (Carlquist 2001, 2015b). The presence of nuclei, septa, and starch grains are common features of
living fibres that distinguish them from dead ones. The lifespan of living fibres varies among species. In early
observations, Wolkinger (1970b) found that living fibres remain alive for many years in diffuse-porous species, while
their occurrence is restricted to only a few outermost tree rings in ring-porous trees. In agreement, Yamada et al.
(2011) found that the living fibres were involved in starch storage for only a single growing season in ring-porous
Robinia pseudoacacia, although they did not assess whether the fibres remained alive or died after starch dissolution.
In Tamarix aphylla, starch grains were present in the outermost six to twelve growth rings but viable protoplasts
remained up to 21 years (Fahn & Arnon 1963), suggesting that starch dissolution precedes the breakdown of the cell
nucleus. Lifespans of living fibres have been estimated between 10 and 40 years for four tropical species without
annual rings (Herrera-Ramirez et al. 2021). In species with very low wood density, it is likely that living fibres are very
short-lived and quickly replaced (Castorena et al. 2022). Taken together, it appears that the lifespan of living fibres can
vary from one season to several decades, similar to the lifespan of ray and axial parenchyma (Fahn & Arnon 1963).

The functional implications of storage in living fibres have not been widely studied. An important exception is
a recent study that linked the presence of living fibres vs. axial parenchyma with the growth and survival of eight
tropical species (Herrera-Ramirez et al. 2021). In this study, species that stored NSC in living fibres had greater total
NSC pools, slower growth rates, and higher survival rates, showing that living versus dead fibres is an important
component of variation in plant life history strategies. Since ITEs are typically the most abundant cell type in
wood, storage in them provides a great opportunity to substantially increase the overall storage capacity. Along
these lines, Carlquist (2015a) discussed the roles that storage in living fibres might have in growth, flowering, and
fruiting in the small African tree Halleria lucida L. or in the members of Araliaceae. However, compared to storage in
axial parenchyma, storage in living fibres may be associated with slower remobilization rates due to less efficient
connections between cells (Herrera-Ramirez et al. 2021). On the other hand, if living fibres are present, the ray
parenchyma can remain free of starch and become more efficient in active radial transport because the radial
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symplastic pathway is not blocked by densely packed starch grains (Yamada et al. 2011). It is also possible that the
freed parenchyma volume can be utilized to store other specialized compounds such as secondary metabolites
or lipids (Herrera-Ramirez et al. 2021). A disadvantage of having living fibres is a reduction in the mechanical
strength of the wood due to their typically lower wall thickness-to-span ratio compared to dead libriform fibres,
although the required trunk stiffness can also be achieved via a high trunk moment of inertia as in thick stems of
conspicuously water-storing trees (Chapotin et al. 2006). It might be thought that living ITEs increase base respiration
and maintenance costs, which would be particularly high in subzero environments where frost protection is needed
(e.g., synthesis of anti-freeze compounds, reversal or freeze-induced embolism). However, it seems likely that low-
density woods, such as those with abundant living ITEs, probably have very low stem metabolic rates (Castorena et
al. 2022), perhaps contributing to explaining their global ecological distribution. Clearly, more studies are needed to
elucidate the functional aspects associated with the presence of living fibres.

Occurrence of living fibres and the need for surveys of living imperforate tracheary elements based on
liquid-preserved material

Although rarely considered in studies of NSC storage, the occurrence of living fibres is widespread. For instance,
Wolkinger (1970a) documented the presence of living fibres in more than 400 species of temperate trees and shrubs.
The lack of axial parenchyma, and thus the presence of living fibres, can even be found in some species of “pachycaul”
(conspicuously fat-trunked) trees of tropical dry regions, which store large amounts of water in their massive trunks,
and this storage often occurs in living libriform fibres (Fig. 6). By contrast, in some species, especially those with highly
dense wood, and/or water conductive ITEs as the background cell type (i.e., true tracheids; see Rosell et al. 2007; Olson
2020; Olson et al. 2020), the ITEs are dead and the living cells available for storage are indeed parenchyma cells, or,
alternatively, situations in which there is, in addition to tracheids, an additional type of living ITE (Fig. 6). Tracheids
are water conductive cells and are thus dead at maturity. Thus, in species with only tracheids as the ITE type, the
only cells available for storage are parenchyma cells or living fibres (Carlquist 1988, 2014b). However, in many species,
including some with very low wood density, axial parenchyma is scant or even absent, and water and starch are
stored in living fibres exclusively. Striking examples are the tropical dryland genera Bursera and Commiphora (Fig. 6),
which with over 300 species often dominate the warm drylands of the northern Neotropics and the vast dryland
arc stretching from southwestern Africa through the Horn of Africa to Arabia and India. They are succulent trees
or shrubs with stout trunks and brittle branches, which epitomize water storage, and yet they completely or almost
completely lack axial parenchyma. Studying the way storage and mechanical support trade-off, therefore, requires
expert anatomical work to identify which cells and traits actually contribute to these functions.

Throughout his work, Sherwin repeatedly mentioned the need to study liquid-preserved and not just dried wood
samples. Many of his publications made a special effort to emphasize when he had available liquid-preserved material
(which he usually collected himself). In this context, the question of the main storage site in the axial xylem highlights
another remarkably fundamental knowledge gap. The proportion of species with living fibre-tracheids and libriform
fibres is unknown. Most wood anatomy has been conducted on dried xylarium specimens. When wood is slowly dried,
starch, which often helps diagnose living cells, is rapidly broken down by bacterial activity and is usually absent from
xylarium specimens. Similarly, bacterial activity often degrades other signs of living status, such as nuclei. Treatments
with strong oxidizing agents can degrade these fine features as well. If Olson et al. (2020) reflect global percentages,
then about 75% of woody species have fibre-tracheids or libriform fibres. Given the importance of the issue, few
surveys have attempted to document the proportion of libriform fibres and fibre-tracheids that are living (Wolkinger
19704, 1971; Wheeler et al. 2007; Carlquist 2015a; Plavcova et al. 2016). It is a remarkably fundamental knowledge gap
that there is no global estimate of the proportion of these species that have living fibres, or even, for that matter,
solid estimates of the percentages of species with tracheids, libriform fibres, or fibre-tracheids. Priority for future
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Fig. 6. Even conspicuously water-storing trees can lack or almost entirely lack axial parenchyma. Lowland warm tropical
and subtropical seasonally dry plant communities usually support species with very low wood density, which store water in
conspicuously swollen trunks, e.g., baobabs (Adansonia). These species epitomize water storage, but it cannot be assumed that
the storage in the axial system in these species is occurring in axial parenchyma. In the dry tropics of Mexico, Africa, Madagascar,
Arabia, to India, species of Bursera or Commiphora (Burseraceae) are very common water-storing trees. (A) With its swollen red
trunk, Bursera longipes (Olson 1029) (black arrow) is a conspicuous element of central Mexican tropical dry forests, growing here
with other water-storing plants, such as Agave marmorata (right-pointing arrow), Beaucarnea olsoni (left-pointing white arrow),
Plumeria rubra (light gray arrow), and Isolaterocereus dumortieri (dark gray arrow). Bursera longipes is leafless for much of the
8-month dry season, but flowers, fruits, and leafs out in anticipation of the rains, drawing on stored water and starch. (B) Bursera
longipes almost entirely lacks axial parenchyma, and the great bulk of its secondary xylem is made up of living septate libriform
fibres (left-pointing arrows indicate two septa). These living septate libriform fibres store abundant starch (right-pointing arrow).
(C) Similarly, Louteridium koelzii (Acanthaceae) (Olson 6707) is a conspicuously fat-trunked small tree with very fragile stems.
It grows on dry limestone boulder fields in lowland tropical dry forest. (D) Like B. longipes, although L. koelzii stores massive
amounts of water and starch, most storage in the axial system occurs not in axial parenchyma but in living septate libriform fibres.
Axial parenchyma occurs sparsely around vessels. In species such as L. koelzii, storage occurs in axial parenchyma, imperforate
tracheary elements, and ray cells. Distinguishing the different types of storage cells in such species requires careful anatomical
work. ap, axial parenchymay; sf, septate libriform fibre; , ray cells. Scale: B, D = 100 pum.
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anatomical work will need to be based on liquid-preserved material, in which diagnosis of living status can be made
more reliably than from slowly dried material.

Conclusion

We hope we have helped to show why the assumption that “fibres are dead and for support and parenchyma is
living and for storage” cannot be assumed to hold in any given case. Instead, this situation is just one subset of a
large universe of possible trait combinations. Future work on nutrient and water storage in wood should pay more
attention to the presence of living fibres, explore their occurrence across species, life forms and environments, and
elucidate the functional consequences of their presence.
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ABSTRACT

e Excess vegetative growth and irregular fruit-bearing are often undesirable in horticul-

tural practice. However, the biological mechanisms underlying these traits in fruit
trees are not fully understood. Here, we tested if growth vigour and susceptibility of
apple and pear trees to alternate fruit-bearing are associated with vascular anatomy.
We examined anatomical traits related to water transport and nutrient storage in
young woody shoots and roots of 15 different scion/rootstock cultivars of apple and
pear trees. In addition, soil and leaf water potentials were measured across a drought
period.

We found a positive correlation between the mean vessel diameter of roots and the
annual shoot length. Vigorously growing trees also maintained less negative midday
leaf water potential during drought. Furthermore, we observed a close negative corre-
lation between the proportions of total parenchyma in the shoots and the alternate
bearing index.

Based on anatomical proxies, our results suggest that xylem transport efficiency of
rootstocks is linked to growth vigour of both apple and pear trees, while limited carbo-
hydrate storage capacity of scions may be associated with increased susceptibility to
alternate bearing. These findings can be useful for the breeding of new cultivars of

commercially important fruit trees.

INTRODUCTION

Apple (Malus domestica Borkh.) and pear (Pyrus communis L.)
trees are two highly important temperate fruit trees producing
85 and 25 million tonnes of fruit worldwide and 15 and 3 mil-
lion tonnes of fruit in Europe, respectively (data for fruit pro-
duction in 2017; FAO 2019). Both apple and pear trees are
members of the Rosaceae family and have similar growth
demands (Jackson 2003). In commercial orchards, apple and
pear trees are grown as composite trees, in which two different
genotypes are combined into an individual tree by means of
grafting. In composite trees, the aboveground scion is usually
selected for its production properties and is grafted onto a
rootstock that influences the growth vigour and resistance to
both biotic and abiotic stresses (Jackson 2003). In the grafting
process, desired properties of various scions and rootstocks can
be combined to optimize fruit tree performance according to a
grower’s demands (Mészaros et al. 2019).

Trees with suppressed vegetative growth are often favoured
in pomiculture to reduce costs associated with pruning and to
maximize fruit production per orchard unit area through an
increased density of trees per hectare. Furthermore, trees with
suppressed vegetative growth also frequently produce fruit ear-
lier during their lifespan (i.e. precocity) (Reighard & Loreti
2008; Muleo et al. 2011; Fazio et al. 2014; Mészaros et al. 2015).
The use of dwarfing rootstocks is a primary means to control
the vegetative growth of commercial fruit trees, although the
final vigour of the trees is a combined effect of the scion and

rootstock vigour. While there is currently a wide selection of
rootstocks with known potential to control scion vigour, the
biological mechanisms of how this is achieved are not fully
understood.

Differences in hydraulic performance have been suggested as
one of the prominent mechanisms of how a rootstock may
control tree growth vigour (Atkinson et al. 2003; Basile et al.
2003a). Maintenance of a high water potential in aboveground
organs is necessary to sustain vegetative growth (Berman &
DeJong 1997; Weibel et al. 2003; Basile et al. 2003a; Solari et al.
2006a), as it is essential for meristematic activity (Sacks et al.
1997), cell expansion (Guerriero et al. 2014) and unimpeded
carbon uptake via open stomata (Comstock & Mencuccini
1998). High hydraulic conductivity of the transport pathway
enables plants to maintain high water potentials and conse-
quently delay stomatal closure during decreasing soil water
potentials (Goncalves et al. 2005; Solari et al. 2006a). The low
hydraulic conductivity of roots has been implicated in slower
shoot growth and limited secondary thickening (Tyree &
Sperry 1988; Tyree et al. 1998; Comas et al. 2002; Martinez-
Alcantara et al. 2013). Dwarf trees often exhibit poorer hydrau-
lic performance and are also less resistant to abiotic stress, pests
and diseases compared to vigorously growing trees (Atkinson
et al. 1999; Trifilo et al. 2007; Bauerle et al. 2011; Hajagos &
Végvari 2013; Albacete et al. 2015).

Regular fruit-bearing in successive fruiting seasons is another
desirable trait in fruit trees. However, many fruit trees, includ-
ing the apple and pear trees, are prone to irregular bearing. In
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an extreme case, fruit trees can give very high fruit yields in
one year (i.e. ‘on’ year) and very low fruit yields (or no fruits at
all) in the next year (i.e. ‘off’ year). Such alternate bearing often
results in considerable economic loss to the growers. Alternate
fruit-bearing is triggered and controlled by a combination of
exogenous (e.g. late frost, dry summer) and endogenous (hor-
mones, nutrients) factors (Goldschmidt 2005). It is well-known
that some fruit tree species and some cultivars are more prone
to alternate bearing than others, due to their different suscepti-
bility to environmental factors (Monselise & Goldschmidt
1982) or the different branching and bearing patterns associ-
ated with their growth habits (Lauri et al. 1995, 2014).
Although the physiological basis of these differences remains
insufficiently understood, cycling of stored non-structural car-
bohydrates (e.g. starch, glucose, fructose, sucrose) and other
reserve nutrients appears to be one of the factors that can drive
susceptibility of fruit trees to alternate bearing (Goldschmidt
2013). Specifically, the depletion of carbohydrate reserves due
to high production of fruits and/or long-lasting exposure to
stress conditions throughout one year can lead to low produc-
tion of fruits in the following season during which the carbohy-
drate levels are replenished (Baninasab & Rahemi 2006). As
developing fruits represent a strong carbohydrate sink (Mon-
selise & Goldschmidt 1982; Martinez-Alcantara et al. 2015;
Capelli et al. 2016), the alternation of cropping presumably
allows trees to maintain a balance between vegetative growth
and reproduction under nutrient-limited conditions (Gold-
schmidt 2013).

The properties of secondary xylem (i.e. wood) affect long-
distance water transport as well as storage of carbohydrates.
Therefore, differences in the xylem structure and related func-
tional properties may significantly affect both the vegetative
growth of fruit trees and their susceptibility to alternate bear-
ing. The xylem of apple and pear trees consists of three mor-
phologically and functionally distinct cell types: (i) vessel
elements, (ii) parenchyma cells (axial and ray parenchyma)
and (iii) libriform fibres. Vessel elements are longitudinally
elongated dead cells conducting water and dissolved com-
pounds over long distances in the direction from roots to
leaves. The dimensions and density of the vessels drive the
maximum transport capacity of the xylem. According to the
Hagen—Poiseuille law describing laminar flow in a capillary,
hydraulic conductivity of a vessel increases with the fourth
power of its diameter (Tyree & Zimmermann 2002). Positive
correlations between vessel dimensions, hydraulic efficiency
and tree growth have been reported in natural stands (Gleason
et al. 2012) and managed plantation trees (Fichot et al. 2011).
Wider vessels have also been observed in vigorously growing
rootstocks compared to dwarfing rootstocks in a wide range of
fruit tree species (Olmstead et al. 2006; Goncalves et al. 2007;
Tombesi et al. 2010a, b; Tombesi et al. 2011; Martinez-Alcan-
tara et al. 2013; Bruckner & DeJong 2014; Chen et al. 2015).

Compared to vessel characteristics, the anatomy of ray and
axial parenchyma is less frequently studied, in spite of their
importance in nutrient storage and transport (Sauter & van
Cleve 1992; Pfautsch et al. 2015; Plavcova et al. 2016). Living
parenchyma cells mediate short distance symplastic transport
(Pfautsch et al. 2015) and serve as storage sites for water (Tyree
& Zimmermann 2002; Jupa et al. 2016), carbohydrates (Plav-
cova et al. 2016) and other nutrients (Sauter & van Cleve
1992). Ray parenchyma provides a direct radial connection
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between the tree bark, wood and pith (Sokolowska &
Zagoérska-Marek 2012), while the axial parenchyma facilitates a
higher contact fraction with the vessels (Morris et al. 2018; Sk-
upianek et al. 2019). Compared to vessels, the links between
tree growth and parenchyma anatomy are less understood,
although several studies had reported larger proportions of rays
and bark in dwarfing rootstocks of fruit trees (Beakbane &
Thompson 1940; Chen et al. 2015). Angiosperm species with
larger proportions of parenchyma cells in xylem usually con-
tain more carbohydrate reserves (Plavcova et al. 2016; Pratt &
Jacobsen 2017), but this might make them more susceptible to
hydraulic failure through drought-induced embolism, consis-
tent with the involvement of parenchyma cells in embolism
repair (Kiorapostolou et al. 2019; Chen et al. 2020). Given the
important roles of the parenchyma cells in storage and translo-
cation of carbohydrates and other reserve compounds, differ-
ences in the parenchyma proportions may be related to
susceptibility to alternate bearing. However, to the best of our
knowledge, this hypothesis has not been tested.

In this study, we analysed the anatomical differences in 15
scion/rootstock combinations of apple and pear trees and
tested whether the structural properties of xylem in the shoots
and roots are linked to the growth vigour and susceptibility to
alternate bearing. We expect that trees with high growth vigour
will have larger xylem cross-sectional area and wider vessels
(translating into higher hydraulic capacity) and lower propor-
tions of bark and ray parenchyma. We also hypothesized that
low parenchyma fractions might be associated with high sus-
ceptibility of trees to irregular bearing. The anatomical obser-
vations were complemented with measurements of leaf water
potential during summer drought in order to examine whether
expected differences in xylem anatomy are reflected in tree
water status.

MATERIAL AND METHODS
Plant material

Samples for anatomical observations were collected from
approx. 25-year-old apple (Malus domestica Borkh.) and pear
(Pyrus communis L.) trees that were part of the scion/rootstock
field trial established by the Research and Breeding Institute of
Pomology in Holovousy, Czech Republic. This site (50.37 N,
15.57 E; 283 m a.s.].) experiences a temperate climate, with
mean annual temperature of 8.4 °C and mean annual precipi-
tation of 664 mm. The trees were planted in 1990 and 1992
with spacing of 4.5 X 2.3 m for apple trees and 5.0 X 3.0 m for
pear trees. The trees were trained as free-growing hedges with a
short stem height and the central leader being removed in the
fifth year. Plant protection followed standard integrated pest
management practices and fertilization based on local recom-
mendations for commercial orchards. The orchard was estab-
lished on a loamy brown soil with neutral pH and medium
fertility, without irrigation. There was no hand or chemical
thinning of the fruits. The weed control in 1.5-m wide strips
was maintained using herbicides and grass growing in inter-
rows was periodically mowed.

The full field trial consisted of 36 different scion/rootstock
combinations of apple and pear trees. The trial focused on two
scions of apple tree ("Jonagold’ and 'Rubin’) and three scions
of pear tree ("Conference’, Williams’ and ’General Leclerc’).
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The scions were grafted onto eight and nine different root-
stocks for apple and pear trees, respectively. The field trial was
not planted in a completely factorial design but rather included
scion/rootstock combinations that were of interest to local
farmers at the time of planting.

The scion/rootstock combinations were expected to show
differences in growth and bearing behaviour; therefore, the
trunk cross-sectional area (TCSA; cm?) and annual fruit yield
(kg-tree™") of these trees were measured periodically from 1996
to 2011. To obtain TCSA, trunk circumference (C) of each tree
was measured with a measuring tape at the end of the growing
season and converted to TCSA according to the following
equation:

CZ
TCSA=— (D)
4n

The measurements were done at an approximate height of
40 cm above the root collar. This point was well below the
point of the first lateral branching, and no graft-related trunk
swelling was evident at this height.

Annual fruit yield of each tree (in kg-tree™) was measured
at harvest using a portable balance with a 0.1 kg precision. The
time-series of mean annual yields for each scion/rootstock
combination were then used to calculate the alternate bearing
index (ABI) over the period 1996-2011 according to the fol-
lowing equation:

Yoy =yia)/Gityi)
n—1

ABI = (2)

where y; and y; ; represent fruit yields in two successive years
and n represents the number of years in the time series. ABI is
a measure of susceptibility to alternate bearing, where ABI = 0
indicates no alternate bearing behaviour and ABI = 1 indicates
strict biennial bearing (Hoblyn et al. 1936; Monselise & Gold-
schmidt 1982). Between four and eight individual trees were
used for TCSA and ABI measurements for each scion/rootstock
combination.

Selection of target scion/rootstock combinations

The measurements described above provided us with useful
background information that guided our selection of scion/
rootstock combinations for anatomical observations. Within
each species, the scion/rootstock combinations were sorted
according to their accumulated trunk growth (i.e. TCSA
recorded in 2011). The trees were then divided into three vig-
our classes, hereafter referred to as low, medium and high, with
each class corresponding to one third of the span between the
maximum and minimum TCSA (Figure S1). Similarly, the
scion/rootstock combinations were sorted according to their
ABI and divided into trees with low (ABI < 0.3), medium
(ABI between 0.3 and 0.6) and high (ABI > 0.6) susceptibility
to irregular bearing (Figure S2). These visualizations showed
that the differences in TCSA were mainly driven by the root-
stock identity in apple trees, while both scion and rootstock
identity affected TCSA in pear trees. Susceptibility to alternate
bearing was mainly associated with scion identity in both fruit
tree species. Based on these findings, we selected 15 scion/
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rootstock combinations that cover the whole gradient of
growth vigour and susceptibility to alternate bearing, while
aiming at factorial combinations of individual scions and root-
stocks when possible. Following these criteria, our final selec-
tion included ’Jonagold’ and 'Rubin’ scions of apple trees
grafted onto three size-controlling rootstocks (J-TE-G <
M.9 < J-TE-H). Similarly, ’Conference’ and *Williams’ scions
grafted onto three size-controlling rootstocks (S1 < MA < PS)
were selected in pear trees. Additionally, we decided to include
"Rubin’ grafted onto MM.106 rootstock because it showed the
largest TCSA of all available scion/rootstock combinations. All
trees of General Leclerc’ scion showed medium growth vigour
and high susceptibility to alternate bearing. As neither S1 nor
PS rootstocks were available, we included MA and MC grafts
of this scion. All 15 selected scion/rootstock combinations and
their growth and yield characteristics are listed in Table 1.
Their relative position within the spectrum of growth vigour
and susceptibility to alternate bearing among all available
scion/rootstock combinations can be seen in Figures S1 and S2.

Growth vigour in 2018

Additional measurements of growth vigour were conducted for
the 15 selected scion/rootstock combinations in 2018. TCSA
was measured following the same procedure as described
above. Trunks of four to nine individual trees were measured
for each scion/rootstock combination. The numbers of repli-
cates differ among scion/rootstock combinations because some
individuals, which were originally planted in the field trial,
have died back since the time of planting. As an alternative
measure of growth vigour, annual shoot length (ASL) was mea-
sured at the end of August 2018 after the cessation of shoot
elongation. The measurements were done on proleptic shoots
that did not bear any fruit. Between 15 and 27 shoots from
three to four individuals were measured for each scion/root-
stock combination.

Anatomical measurements

Samples for anatomical observations were instead of was
collected in April 2018 during bud break. One-year-old prolep-
tic shoots (3—6-mm diameter, 30-60-cm long) and coarse
woody roots (3-9-mm diameter, 10-20-cm long) were sam-
pled. The shoots were excised from an unshaded part of the
canopy at a height of approx. 1.5 m above the ground. The
roots were excavated from 20-50 cm depth and at a distance of
30-70 cm from the root collar. Two samples from three differ-
ent individuals (n = 6) were taken for each organ and scion/
rootstock combination. Shoot and root samples were collected
at the opposite sides of the tree. Excised samples were immedi-
ately wrapped in a black plastic bag containing a wet paper
towel to prevent desiccation during transport to the laboratory.
The samples were stored in a refrigerator and processed within
5 days.

Cross-sections of approx. 50-um thick were prepared from
the middle regions of the shoot and root samples using a GSL1
sledge microtome (Swiss Federal Research Institute WSL, Bir-
mensdorf, Switzerland). The sections were stained with a mix-
ture of 0.35% Safranin (dissolved in 50% ethanol; w/v) and
0.65% Alcian blue (dissolved in water; w/v) for 3 min and
thoroughly washed in distilled water. The staining
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Table 1. Fifteen scion/rootstock (S/R) combinations of apple and pear trees used for anatomical observations. S/R combinations were selected to span a gradi-
ent of growth vigour and susceptibility to alternate bearing. Abbreviated names for each S/R combination as well as full names of individual scions and root-
stocks are included. S/R combinations within each species are listed alphabetically by scion. The rootstocks within each scion are then sorted in ascending
order with respect to their trunk cross-sectional area measured in 2011 (TCSA). The absolute values of TCSA in cm? as well as the percentage of maximum
TCSA calculated separately for each species are shown. Susceptibility to alternate bearing was evaluated based on the alternate bearing index (ABI) calculated
from mean annual yields for the period from 1996 to 2011. The growth vigour and susceptibility to alternate bearing categories (low, medium, high) were
assigned based on the relative comparison across 36 S/R combinations available in the field trial (Figures S1, S2).

SIR scion rootstock TCSA (cm?) growth vigour ABI susceptibility to alternate bearing
Apple tree JITEG ‘Jonagold’ Apple J-TE-G 78.1(24%) Low 0.40 Medium
JIM9 ‘Jonagold’ Apple M.9 167.1 (50%) Medium 0.40 Medium
JITEH ‘Jonagold’ Apple J-TE-H 249.1 (75%) High 0.43 Medium
RATEG ‘Rubin’ Apple J-TE-G 95.6 (29%) Low 0.24 Low
R/M9 ‘Rubin’ Apple M.9 193.8 (58%) Medium 0.29 Low
RATEH ‘Rubin’ Apple J-TE-H 254.7 (77 %) High 0.30 Low
R/IMM106 ‘Rubin’ Apple MM.106 331.3(100%) High 0.40 Medium
Pear tree C/s1 ‘Conference’ Quince S1 161.5 (50%) Medium 0.30 Low
C/MA 'Conference’ Quince A 212.9 (66%) High 0.29 Low
C/PS ‘Conference’ Pear seedling 320.4 (100%) High 0.42 Medium
GL/MA ‘General Leclerc’ Quince A 224.1(70%) Medium 0.66 High
GL/MC ‘General Leclerc’ Quince C 216.3 (68%) Medium 0.63 High
W/S1 ‘Williams’ Quince S1 110.1 (34%) Low 0.26 Low
W/MA ‘Williams' Quince A 143.6 (45%) Low 0.38 Medium
W/PS ‘Williams' Pear seedling 200.0 (62%) Medium 0.39 Medium

differentiates the lignified cell walls of vessels and fibres
(stained pink to red) from the parenchyma cells (stained blue
to purple). Finally, the sections were mounted in distilled water
and observed in a bright field using an Olympus BX50 micro-
scope (Olympus, Tokyo, Japan) equipped with an SLT-A35
digital camera (Sony, Tokyo, Japan).

The cross-sections were photographed at 10X objective mag-
nification and the total area of pith, xylem and bark within
each cross-section was manually outlined using Adobe Photo-
shop CS6 (Adobe Systems, Mountain View, CA, USA). The
areas of individual tissues were measured with Image] software
and converted to relative proportions. A representative wedge
of xylem was then photographed at 40X objective magnifica-
tion and the relative proportions of vessels (V), axial parench-
yma (AP), ray parenchyma (RP) and fibres (F) determined
using the gridline method (Zieminska et al. 2015). For this pur-
pose, the wedge was overlaid with a grid containing at least 300
intersections. Individual cell types were identified at each inter-
section, the intersections were colour coded and the relative
proportions of individual xylem cell types were calculated as
the number of points belonging to a given cell type divided by
the total number of analysed points (Figure S3). We also calcu-
lated the sum of the relative proportions of pith, total xylem
parenchyma (RP + AP = RAP) and bark parenchyma (i.e.
proportions of bark excluding rhytidome, phellem and regions
with lignified sclereids and fibres) and refer to this compound
parenchyma fraction as the relative proportion of total organ
parenchyma (TP). As such, TP provides an estimate of the
maximum cross-sectional area of each organ available for car-
bohydrate storage.

Furthermore, the diameters of all vessels within each 45°
wedge were measured. The lumina of all vessels were carefully
outlined, their areas were measured in Image] and converted
into diameters assuming circular shape of vessels. The mean

vessel lumen diameter (D; um) of each sample was calculated.
Vessel density (VD; n-mm~2) was determined as the ratio of
the number of vessels to xylem cross-sectional area in the 45°
wedge.

Furthermore, we estimated the theoretical hydraulic conduc-
tivity (Ku; kg m MPa~'-s™") of each sample by extrapolating
conductivity calculated for the subset of vessels present in the
45° wedge (XAyeqge) to the total xylem area (XA.,) of each
sample:

4
Ky= (zﬂ) ﬂ (3)

1281 ) XAsyedge

where d is the vessel lumen diameter, p is the density of water
at 20 °C (998.2 kg-m~?) and 1) is the dynamic viscosity of water
at 20 °C (1.002 x 10~ MPa s). Thus, K;, integrates the effect
of vessel diameters, vessel numbers and the size of xylem cross-
sectional area.

Leaf water potential and climate conditions

To complement the anatomical proxies of plant water trans-
port, midday leaf water potential (¥yp) was monitored during
the summer 2018 in trees with contrasting growth vigour. Due
to time constraints, the measurements of Wy, were restricted
to J/J-TE-G, J/M.9 and J/J-TE-H combinations of apple trees
and W/S1, W/MA and W/PS combinations of pear trees. The
measurements were done on fully expanded uncovered leaves
between 11:00 h and 13:00 h on six different dates. The leaves
were inserted into plastic bags, excised using a sharp razor
blade, and Wyp determined within 30 s using a portable
Scholander pressure chamber (1505D-EXP; PMS Instrument
Co., Albany, OR, USA). Two leaves from four to six different
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individuals (n = 8-12) were measured for each scion/rootstock
combination.

The W\p data were interpreted in conjunction with data on
soil water potential (¥s) and atmospheric water demand. The
W5 was continuously measured on site during the growing sea-
son using two water potential sensors (Teros 21; Meter Envi-
ronment, Pullman, WA, USA) placed at depths of 5 cm and
30 cm and connected to a data logger (MicroLog SP3; EMS,
Brno, Czech Republic). Based on our preliminary analyses of
root vertical distribution in scion/rootstock combinations of
contrasting growth vigour (J/JTEH versus J/JTEG; W/PS versus
W/S1), these depths were within the zone of maximum root
density, and thus maximum absorption capacity of the root
system. The air temperature and air relative humidity were
measured at 2 m above ground level with an HMP 35D sensor
(Vaisala, Vantaa, Finland) and converted into vapour pressure
deficit (VPD). The environmental data were acquired at 1-h
intervals.

Statistical analysis

Because the experimental design was not full factorial, we con-
ducted two types of analyses to evaluate the effect of individual
scions and rootstocks on the growth and anatomical parame-
ters. Mean differences between scions within each species and
organ (when applicable for anatomical parameters) were tested
using mixed-effect linear models, where scion was treated as a
fixed factor and rootstock was included as a random factor.
Within each scion, the effect of rootstock was then analysed by
one-way ANOVA, with rootstock implemented as a single fac-
tor. Validation of the models was done by graphical checking
of the residual plots. If the effect of rootstock was significant,
the means of individual rootstocks were separated using a
Tukey HSD test. Principal components analysis (PCA) was
used to summarize the relationships among all the anatomical
traits in the roots and shoots separately. Relationships between
the anatomical parameters and growth and yield characteristics
were analysed using simple linear regressions and were
described using Pearson’s correlation coefficients (r). Variables
were transformed to meet the assumptions of normality, if nec-
essary. Finally, a two-way ANOVA was used to evaluate the dif-
ferences in Wyp among the sampling dates and rootstocks for
’Jonagold’ and *Williams’ scions separately. In the case of a sig-
nificant effect of the interaction of both factors, the Tukey
HSD test was used to compare the means of the rootstocks
within each scion and sampling date. Prior ANOVA, normality
of residuals and homogeneity of variance were tested with exact
Shapiro-Wilk and Cochran-Hartley-Bartlett tests, respectively.
Results were considered statistically significant at P < 0.05. All
statistical analyses were performed using R development (R
Core Team, 2010). Throughout this paper, data are presented
as mean £ 1 SE.

RESULTS
Growth vigour and susceptibility to alternate bearing

Trunk cross-sectional area measurements conducted on
selected 15 scion/rootstock combinations in 2018 corresponded
well with the background data from 2011 (compare Tables 1
and 2), indicating that the relative differences in trunk growth
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vigour have not changed with the additional 7 years of age. In
apple trees, ’Jonagold’ showed a slightly lower TCSA than
"Rubin’ (Tables 1, 2, Figure Sla). In pear trees, 'Williams’ had
lower TCSA than ’Conference’ and ’General Leclerc’ (Tables 1,
2, Figure S1b). Across rootstocks, TCSA increased in the fol-
lowing order: J-TE-G < M.9 < J-TE-H < MM.106 for apple
trees and S1 < MA/MC < PS in pear trees (Table 2). The two
measures of growth vigour, TCSA and ASL, were mutually cor-
related within each scion (Fig. 1). However, there were scion-
specific differences in the relative magnitude of trunk versus
shoot growth. More specifically, ’Jonagold” had longer shoots
but thinner trunks than ’Rubin’ (Table 2, Fig. 1a). A similar
tendency was observed in *Williams’ scion compared to ’Con-
ference’ (Table 2, Fig. 1b).

The susceptibility to alternate bearing was higher in ’Jon-
agold’ scions of apple trees compared to ’Rubin’ (Table 1, Fig-
ure S2a). In pear trees, General Leclerc’ showed higher ABI
than "Williams’ and ’Conference’ (Table 1, Figure S2b). Over-
all, there was no significant correlation between ABI and TCSA
(P = 0.250) or ASL (P = 0.093); however, within each scion,
more vigorous trees tended to be more susceptible to alternate
bearing than trees of a low vigour (e.g. compare R‘/MM.106 ver-
sus R/J-TE-G, or C/S1 versus C/PS; Table 1, Figure S2b).

Anatomical variation

The anatomical differences between apple and pear trees, and
among the scion/rootstock combinations, and the mutual rela-
tionships among the individual anatomical parameters
observed in the shoots and roots are summarized using PCA
(Fig. 2). The first two principal components (PCs) of PCA
explained 77.08% and 79.09% of the total variability observed
in shoots and roots, respectively. For both shoots and roots,

Table 2. Growth characteristics of 15 scion/rootstock (S/R) combinations of
apple and pear trees. Trunk cross-sectional area (TCSA) and annual shoot
length (ASL) were measured at the end of the growing season of 2018. S/R
combinations are listed alphabetically by scion. Within each scion, the root-
stocks are sorted in ascending order with respect to their growth vigour. See
Table 1 for full names of S/R combinations. Data are mean + 1 SE (n = 4-9
for TCSA and n = 17-27 for ASL). Lowercase letters indicate statistically sig-
nificant differences among rootstocks within individual scions. Uppercase
letters indicate significant differences among scions within each species. Dif-
ferences were considered as significant at P < 0.05.

SR TCSA (cm?) ASL (cm)

Apple tree JITEG 1139+ 72a A 414+ 23a B
JIM9 2155+ 20.1b 479+ 25a
JITEH 298.8 + 10.6 62.2 +3.4b
RATEG 1222 £21.0a B 211+ 16a A
R/M9 240.4 +£22.4b 40.8 + 3.0 bc
RATEH 402.8 £23.5¢ 37.44+32b
R/IMM106 4209 +£22.1¢ 478 +2.3c¢C

Pear tree C/S1 2044+ 75a B 309+ 1.5a A
C/MA 311.54+105b 443 +23b
C/PS 453.1 £40.2 ¢ 58.4 + 3.4c
GL/MA 3083+ 14.2a B 416 +20a A
GL/MC 3119 £ 34.1a 522 +22b
W/S1 159.5 £ 13.2a A 413+ 21a B
W/MA 226.3 £ 15.3b 529+22b
W/PS 277.4 £ 14.3b 583+ 3.1b

Plant Biology © 2020 German Society for Plant Sciences and The Royal Botanical Society of the Netherlands 5
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Fig. 1. Relationships between trunk cross-sectional area (TCSA) measured
40 c¢m above the ground and annual shoot length (ASL) for selected scion/
rootstock combinations of apple (a) and pear (b) trees. Data points and error
bars represent mean + SE (n = 15-27 for ASL and 4-9 for TCSA). The data
within individual scions were fitted with linear functions. Full names of the
rootstocks are provided in Table 1.

groups of apple and pear trees were separated from each other
by PC1 (explaining 40.44% and 57.59% of the total variability).
Among notable differences, the shoots of apple trees had a lar-
ger proportion of pith and larger D compared to pear trees
(Fig. 2a). In roots, proportions of xylem and D were larger in
pear trees, whereas apple trees had higher proportions of bark,
ray parenchyma and total organ parenchyma (Fig. 2b). These
results point to contrasting functional specialization of apple
and pear tree roots towards transport and storage, respectively.

The differences in anatomical parameters observed among
the selected scion/rootstock combinations were rather small
(Table S1; Figs 3, 4). We expected to find traits underlying
higher transport capacity in more vigorously growing trees. In
agreement with this hypothesis, significantly larger proportions
of xylem were found in shoots and roots of ’Jonagold’ com-
pared to 'Rubin’, consistent with a longer ASL of ’Jonagold’
(Table S1). Higher xylem proportions were also found along
the size-controlling rootstock sequence in 'Rubin’ shoots and
’Jonagold’ roots (Table S1). ’Jonagold’ shoots had significantly
wider vessels than 'Rubin’, with a mean difference in D of
2.5 um (Fig. 3a). A general tendency for wider vessels and
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Fig. 2. Principal components analysis showing coordination among
anatomical parameters in shoots (a) and roots (b) of 15 different scion/root-
stock combinations of apple and pear trees. Representatives of individual
species are grouped inside of dotted ellipses. Full names of the scion/root-
stock combinations are provided in Table 1. Pith — proportion of pith, xylem
— proportion of xylem, bark — proportion of bark, TP — proportion of total
organ parenchyma, V — proportion of vessels, AP — proportion of axial par-
enchyma, RP — proportion of ray parenchyma, RAP — proportion of total
xylem parenchyma, F — proportion of fibres, D — mean vessel lumen diame-
ter, VD — vessel density, K}, — theoretical hydraulic conductivity.

higher Kj, was evident along the sequence of size-controlling
rootstocks for most within-scion comparisons (Fig. 3a,b).
However, the differences were not always statistically signifi-
cant, partly due to higher variability within the root samples.

Across all 15 scion/rootstock combinations, there was a sig-
nificant positive correlation between D in roots and ASL (Fig. 5
a), suggesting better hydraulic efficiency of rootstocks in trees
with higher shoot growth vigour. This correlation was also sig-
nificant within the apple trees alone (r = 0.83, P = 0.022), but
not within the pear trees (Table S2). In apple trees, the D in
shoots was also positively correlated with ASL (r = 0.89,
P = 0.007; Table S2).

Based on our literature survey, we expected to find lower
proportions of parenchyma tissues in vigorously growing trees.
In agreement, lower TP were observed in the shoots of 'Rubin’
grafted onto the rootstocks that induced increased growth
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Fig. 3. Mean vessel lumen diameter (a) and theoretical hydraulic conductiv-
ity (b) in shoots and roots of 15 different scion/rootstock combinations of
apple and pear trees. Scion/rootstock combinations are listed alphabetically
by scion (separated by vertical dotted lines). Within each scion, the root-
stocks are sorted in ascending order with respect to their growth vigour. Full
names of the scion/rootstock combinations are provided in Table 1. Col-
umns and error bars represent mean + 1 SE (n = 5-6). Lowercase letters
indicate statistically significant differences among rootstocks within individ-
ual scions. Uppercase letters in bold indicate significant differences among
scions within each organ and species. Grey and black letters correspond to
the differences in shoots and roots, respectively. Differences were consid-
ered as significant at P < 0.05. Note different scales of theoretical hydraulic
conductivities for shoots (inner scale) and roots (outer scale).

vigour (i.e. R/J-TE-H, R/MM.106; Fig. 4b). Significantly lower
proportions of bark, RP and TP were also detected in the roots
of the most vigorously growing rootstock combination of ’Jon-
agold’ (i.e. J/J-TE-H). In pear trees, significantly lower RAP
was found in the most vigorously growing rootstock combina-
tion in "Williams’ shoots (W/PS) and ’Conference’ roots (C/PS;
Fig. 4a). However, we also detected patterns that were inconsis-
tent with our hypothesis, such as the significantly higher AP in
roots of J/J-TE-H compared to J/J-TE-G, significantly higher
proportions of bark in W/PS roots compared to W/MA, and
the higher RP and RAP in less vigorously growing shoots of
"Williams’ compared to ’Conference’ (Table S1, Fig. 4a).

While we did not observe any clear overall relationship
between proportions of parenchyma and growth vigour (Table
S2), TP in shoots correlated closely with ABI (Fig. 5b). The
correlation between TP and ABI was significant for both spe-
cies together (r = —0.85, P < 0.001; Fig. 5b) and for apple
(r = —0.88, P = 0.009) and pear (r = —0.84, P = 0.009) trees
separately. This relationship was largely driven by the parench-
yma in bark, as the relative proportions of bark correlated sig-
nificantly with ABI (r=-0.75, P =0.001) while the

Anatomy, growth and yield of fruit trees

a
60 A B B :AB A: A AB
@ Shoot
: : : m Root
: a : ta
3 : b : 1 K
40 : b :
b : : A AB
90
a a : H :
bi,
80 ol °R - : ;
o : : :
= n : : :
60
50 : H 5
(2] (2} O [7p) -~ wn
feip2Esasesgast
ES5EEeE5E300606 3132 ¢=2 2
S S ¥ = [CAN0]
[
Apple tree Pear tree

Fig. 4. Proportion of the total xylem parenchyma (a) and proportion of total
organ parenchyma (b) in shoots and roots of 15 different scion/rootstock
combinations of apple and pear trees. Scion/rootstock combinations are
listed alphabetically by scion (separated by vertical dotted lines). Within each
scion, the rootstocks are sorted in ascending order with respect to their
growth vigour. Full names of the scion/rootstock combinations are provided
in Table 1. Columns and error bars represent mean + 1 SE (n = 5-6). Low-
ercase letters indicate statistically significant differences among rootstocks
within individual scions. Uppercase letters in bold indicate significant differ-
ences among scions within each organ and species. Grey and black letters
correspond to the differences in shoots and roots, respectively. Differences
were considered significant at P < 0.05.

correlation between RAP and ABI was not significant (Table
S2).

Midday leaf water potential during drought

Monitoring of Wyp indicates a more balanced water status in
vigorously growing trees during an extraordinarily hot and dry
summer of 2018. In our site, the drought was exacerbated from
mid-July to mid-August, as indicated by gradually decreasing
Ws and increasing VPD, reaching >3 kPa at the peak of the
drought period (Fig. 6a). During this period, more vigorous
scion/rootstock combinations of apple (Fig. 6b) and pear trees
(Fig. 6¢) maintained higher W);p compared to their less vigor-
ously growing counterparts.

DISCUSSION

In this study, we investigated whether the structure of sec-
ondary xylem relates to differences in growth vigour and sus-
ceptibility to alternate bearing across 15 scion/rootstock

Plant Biology © 2020 German Society for Plant Sciences and The Royal Botanical Society of the Netherlands 7
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Fig. 5. Correlation between mean vessel lumen diameter in roots and
annual shoot length (a; i.e. ASL) and correlation between the proportion of
total parenchyma in annual shoots and alternate bearing index (b; i.e. ABI).
Data points represent the mean measured for each scion/rootstock combi-
nation of apple (black symbols) and pear (grey symbols) trees. Full names of
the scion/rootstock combinations are provided in Table 1. Data for both
apple and pear trees were best fitted with linear functions (solid line).
Dashed lines represent 0.95 confidence intervals.

combinations of apple and pear trees (Table 1). The study
encompasses four scions (namely ’Jonagold’ and "Rubin’ for
apple tree; "Conference’ and *Williams’ for pear tree) grafted
onto a sequence of three to four size-controlling rootstocks
(namely J-TE-G < M.9 < J-TE-H < MM.106 for apple tree,
and S1 < MA < PS for pear tree). The scion ’General Leclerc’
was included in this study because of its high susceptibility to
alternate bearing. Mainly, we focused on anatomical traits
related to water transport and nutrient storage capacity.

In agreement with our hypothesis, we observed wider vessels
in more vigorously growing scion/rootstock combinations
(Fig. 3a) and an overall positive correlation between mean ves-
sel lumen diameter in roots and annual shoot length (Fig. 5a).
Our results are consistent with several other studies that
reported a strong positive association between vessel diameter
and vegetative growth in natural- (Olson et al. 2014; Pfautsch
et al. 2016) and plantation-grown (Fichot et al. 2009; Hajek
et al. 2014) tree species, including fruit trees (Beakbane 1952;
Olmstead et al. 2006; Goncalves et al. 2007; Tombesi et al.
2010a,b; Hajagos & Végvari, 2013). In this study, the links
between vessel diameter and vigour were more prominent in
apple trees than pear trees, as evident from the significant cor-
relations between D and ASL found for both roots and shoots
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Fig. 6. Variations in climate conditions (a) and midday leaf water potentials
(b, ©) observed on six different dates during the summer of 2018. Vapour
pressure deficit (VPD) and soil water potential measured at depths of 5 cm
(¥s 5 cm) and 30 cm (W5 30 cm) at midday (a) and corresponding variation
in midday leaf water potential of selected scion/rootstock combinations of
apple (b) and pear (c) trees are shown. Columns and error bars represent
mean + 1 SE (n = 6-16). Letters indicate statistically significant differences
among scion/rootstock combinations within individual days (P < 0.05,
Tukey’s HSD test). Full names of the scions and rootstocks are provided in
Table 1.

in apple but not in the pear trees (Table S2, Fig. 5a). This dif-
ference between species might be related to a less steep gradient
of growth vigour (relative trunk cross-sectional area between
24-100% versus 34—100% for apple and pear trees, respectively;
Table 1) and the fact that growth vigour was more strongly
associated with scion identity in pear trees (Figure S1). Alter-
natively, it is possible that xylem hydraulic constraints are less
important in the pear tree due to its generally higher root
transport capacity (Fig. 2).

Larger xylem fractions and wider vessels likely underpin
higher hydraulic conductivity of organs in vigorously growing
trees. Although we did not measure the hydraulic conductivity
directly, the values of theoretical hydraulic conductivity calcu-
lated based on the anatomical data (Fig. 3b) agree well with the
results of Atkinson et al. (2003), who reported nearly six times
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higher conductivity in MM.106 compared with M.9 rootstock.
More efficient xylem water transport may contribute to the
higher hydraulic conductance of the whole root systems that
has been measured in invigorating rootstocks using a high-
pressure flowmeter (Basile et al. 2003b; Nardini et al. 2006;
Solari et al. 2006b). However, it is unlikely that the differences
in root conductance are solely due to the variation in xylem
anatomy. Axial transport via the xylem network represents only
a single component of the overall hydraulic pathway, one with
the highest path length but presumably with a low resistance
(Cruiziat et al. 2002). Major hydraulic resistances are encoun-
tered in the extra-xylary tissues of roots and can be modulated
through the expression of aquaporins (Laur & Hacke 2013)
and deposition of apoplastic barriers (Doblas et al. 2017). In
addition, the graft union may impose substantial resistance to
water flow in some composite trees (Atkinson et al. 2003),
although other studies found its contribution was negligible
(Basile et al. 2003b; Nardini et al. 2006).

Efficient xylem water transport may affect tree vegetative
growth through a combination of several mechanisms. Higher
hydraulic conductivity facilitates the transport of water, dis-
solved nutrients (Jones 1976) and growth regulators (Webster
2004) towards meristems to stimulate their activity. Sufficient
water delivery during high transpiration demand may also pre-
vent an excessive drop in leaf water potential and sustain leaf
gas exchange for a longer period of time (Sperry 2000). Focus-
ing on ’Jonagold’ and *Williams’ scions only, we found that the
more vigorous rootstock combinations maintained less nega-
tive midday leaf water potentials during summer drought, sug-
gesting a more favourable water status of high-vigour trees
(Fig. 6). These observations are consistent with previous results
on apple (Olien & Lakso 1986), peach (Basile et al. 2003b;
Solari et al. 2006a) and cherry trees (Goncalves et al. 2007) and
lend more support to the water relations theory of rootstock-
induced control of growth vigour (Basile & DeJong 2018).

While midday leaf water potential serves as a useful indicator
of plant water stress, its actual value is a result of complex
interactions between water uptake, transport and loss (Sperry
2000; Rodriguez-Dominguez et al. 2016). Less negative water
potentials in vigorously growing trees could also indicate better
access to soil water. Vigorously growing rootstocks are known
to produce more extensive and deeper root systems, allowing
water uptake from deep soil layers (De Silva et al. 1999; Solari
et al. 2006b; Ma et al. 2013; An et al. 2017). Our preliminary
observations of vertical root distribution indicated effective
rooting depths of around 60 and 100 cm for low and high vig-
our apple trees, respectively, although the majority of the fine
root biomass was restricted to the topmost 40 cm of soil. The
root systems of pear trees penetrated into even deeper soil lay-
ers, with effective rooting depths of more than 100 and 130 cm
for W/S1 and W/PS, respectively. Thus, the differences in xylem
transport efficiency of roots (Fig. 3) might be supported by a
more extensive root system in vigorously growing trees,
thereby improving their water status during drought.

The positive relationship between vessel size and growth
observed in this as well as in the previous studies might also be
related to the seemingly universal pattern of axial conduit
widening along the plant’s hydraulic path (Anfodillo et al
2013; Olson et al. 2014). According to this paradigm, vessels
become progressively wider with an increasing distance from
the plant apex in order to compensate for the increasing
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hydrodynamic resistance associated with the longer conductive
path (Anfodillo et al. 2013; Olson et al. 2014). As we analysed
xylem anatomy in the middle of shoots of slightly variable
lengths (Table 2, Fig. 1) and in root segments excavated hap-
hazardly from a given soil depth without a direct reference to
the path length, it is possible that the measured differences in
vessel diameters may be biased through vessel widening pat-
terns (Lechthaler et al. 2019). However, analysis of vessel pack-
ing densities (i.e. the ratio of vessel diameter to vessel density)
did not reveal large differences across the scion/rootstock com-
binations (Figure S4), suggesting that vessel tapering likely had
only a small effect on the analysed vessel characteristics. From
a developmental point of view, the axial conduit widening is a
result of endogenous regulation orchestrated from the apical
bud. These patterns might be quite complex in fruit trees, in
which the apical dominance has been perturbed by extensive
training and pruning. On the other hand, dwarfing rootstocks
are known to have lower capacity for basipetal auxin transport
(Somelidou et al., 1994), which would be consistent with the
development of narrower vessels (Aloni 1987).

Apart from the water relations, contrasting growth vigour
may be related to the carbohydrate balance. In previous studies,
rootstock-induced dwarfism has been linked to starch immobi-
lization within the root system, leading to reduced availability
of soluble sugars for scion growth (Foster et al. 2017; Basile &
DeJong 2018). Increased accumulation of starch would be con-
sistent with the higher proportions of bark and ray parenchyma
observed in dwarfing rootstocks (Beakbane & Thompson 1940;
Chen et al. 2015). Our data, however, do not indicate consis-
tent differences in the proportions of storage tissues between
trees of low versus high growth vigour among the selected
scion/rootstock combinations (Fig. 4). Direct measurements of
non-structural carbohydrates are needed to shed more light on
the role of carbohydrates and their dynamics in relation to
growth vigour.

While the proportions of parenchyma were not directly
related to growth vigour, we observed a close negative relation-
ship between alternate bearing index and proportions of total
organ parenchyma in shoots (Fig. 5b). Thus, larger propor-
tions of storage tissue were associated with lower susceptibility
to alternate bearing, highlighting the importance of nutritional
limitation for alternate bearing behaviour. Given that TP is one
of the factors underlying the maximum carbohydrate content
in tree organs (Plavcova et al. 2016; Pratt & Jacobsen 2017),
lower carbohydrate reserves in trees with lower TP may be
more easily depleted during stress. In contrast, higher reserves
of carbohydrates stored in TP may prolong the tree’s ability to
resist stress, accumulate more carbohydrate reserves for the fol-
lowing season and support the development of a higher num-
ber of generative buds. The difference in TP was driven by the
different proportions of bark, rather than the proportions of
xylem parenchyma (Table S1; Fig. 4). Bark is a multifunctional
tissue with its functional roles still poorly understood (Rosell
2019). Thus, more research on the structure and function of
bark in relation to alternate bearing would be desirable.

Compared to some previous studies, the variation in xylem
anatomy observed here among different scion/rootstock com-
binations was rather small. For instance, Beakbane & Thomp-
son (1940) reported variation in proportions of ray
parenchyma between 22% and 47% (~2.1-fold variation)
across ten apple tree rootstocks of different growth vigour,
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while we observed values between 23% and 33% for apple
trees, and between 16% and 22% in pear trees (~1.4 variation;
Table S1). Similarly, Tombesi et al. (2010b) found mean vessel
diameters of 26 um versus 62 um in peach tree rootstocks of
low versus high growth vigour, while we observed D in a nar-
rower range of 34—49 um for apple trees, and 32-52 pm in pear
trees (Fig. 3a). This difference might be because we studied
trees >25 years old, while most previous studies were done
with trees in their first years of growth. It is possible that there
are initially larger differences in anatomical parameters at ear-
lier stages of tree ontogeny. Such anatomical variation may lead
to the development of morphological differences (e.g. different
rooting depth, shoot-to-root ratio) that later become the dom-
inant features driving tree performance in the field. To fully
understand the controls of growth vigour in composite fruit
trees, more studies at whole-plant scale and during the entire
tree lifespan would be desirable.
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characteristics as well as between anatomical parameters and
growth vigour characteristics obtained for apple and pear trees.
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of growth.

Figure S2. Alternate bearing index of scion/rootstock combi-
nations of apple and pear trees calculated from fruit yields
measured between years 1996 and 2011.

Figure S3. Scheme illustrating the process of image analysis.

Figure S4. Ratio of the mean vessel lumen diameter to vessel
density measured in annual shoots and roots of fifteen different
scion/rootstock combinations of apple and pear trees.
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The use of size-controlling rootstocks is central to modern high-density fruit production systems. While biological
mechanisms responsible for vigor control are not fully understood, differences in water relations and carbohydrate
storage ability have been suggested as two potential factors. To better understand the processes that control growth
vigor, we analyzed the trunk radial variation at seasonal and diurnal timescales and measured the midday leaf
water potential (¥mp), leaf gas exchange and concentrations of non-structural carbohydrates (NSC) in apple trees of
variety ‘Jonagold’ grafted on two rootstocks of contrasting growth vigor (dwarfing J-TE-G vs invigorating J-TE-H). The
measurements were conducted during an exceptionally hot and dry summer. We found that smaller annual trunk radial
increments in dwarfed trees were primarily due to an earlier cessation of trunk secondary growth. The interdiurnal trunk
circumference changes (AC) were slightly lower in dwarfed trees, and these trees also had fewer days with positive AC
values, particularly during the driest summer months. The trunks of dwarfed trees shrank gradually during the drought,
showed less pronounced diurnal variation of trunk circumference and the maximum trunk daily shrinkage was only
weakly responsive to the vapor pressure deficit. These results indicated that lower turgidity in the cambial region may
have limited the trunk radial expansion in dwarfed trees during the hot and dry days. Dwarfed trees also maintained
lower ¥Mmp and leaf gas exchange rates during the summer drought. These parameters decreased in parallel for both
rootstock combinations, suggesting their similar drought sensitivity. Similar concentrations and seasonal dynamics of
NSC in both rootstock combinations, together with their similar spring growth rates, suggest that NSC reserves were not
directly limiting for growth. Our results support the prominent role of water relations in rootstock-induced size-controlling
mechanisms and highlight the complexity of this topic.

Keywords: dendrometer, dwarfing rootstocks, gas exchange, Malus domestica Borkh., non-structural carbohydrates, turgor,
vegetative growth, water potential.

Introduction
(Delong et al. 2004) and maximize the orchards’ incomes

In commercial orchards, most fruit trees are traditionally propa-
gated by means of grafting, whereby the desired scion variety is
combined with a genetically different lower part (rootstock) to
form a composite tree. Growers preferentially select dwarfing
or semi-dwarfing rootstocks that suppress canopy growth to
reduce the labor costs associated with pruning and harvest

through increased planting density and the precocity of cropping
(Webster and Hollands 1999). Despite the long tradition and
great economic importance of size-controlling rootstocks, the
biological mechanisms responsible for the reduced growth
are not fully understood. This gap in our knowledge pre-
vents the development of optimal management practices for

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permission@oup.com.
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size-controlling rootstocks and hinders the breeding and selec-
tion of new rootstock genotypes with improved properties
(Atkinson and Else 2001).

Several physiological mechanisms have been proposed to
explain the size-controlling potential of different rootstocks.
Among them, the role of water relations in the dwarfing mecha-
nisms has received wide experimental support, highlighting that
scions grown on dwarfing rootstocks are more likely subjected
to drought stress when compared with scions grafted on invigo-
rating rootstocks (Basile and Delong 2018). The drought stress
experienced by the scion is typically evaluated by measuring its
organ water potentials. Scions on dwarfing rootstocks often have
lower stem or leaf water potentials than those on invigorating
ones (Olien and Lakso 1986, Solari et al. 2006a, Gongalves
et al. 2007, Jupa et al. 2021), although the opposite trend
has also been observed (Atkinson et al. 2000, Tworkoski et al.
2016). The reasons for the inferior water status of scions on
dwarfing rootstocks are often sought in the reduced hydraulic
conductance, either in the rootstock (Atkinson et al. 2003,
Basile et al. 2003, Nardini et al. 2006, Solari et al. 2006b,
Jupa et al. 2021) or at the graft union (Atkinson et al. 2000,
Cohen et al. 2007).

Besides the hydraulic conductance, the scion water balance is
also affected by stomatal conductance to water vapor. Stomatal
conductance depends on the structural properties of stomata
(e.g., stomata size and density) and their physiological regula-
tion. In general, stomata close in response to decreasing water
availability to prevent a further drop in the organ water potential
that could otherwise lead to a hydraulic failure (Sperry 2000).
Dwarfed trees have been reported to have a lower stomatal
conductance than invigorated trees in sweet cherry (Gongalves
et al. 2006), peach (Solari et al. 2006b) and apple trees
(Schechter et al. 1991, Atkinson et al. 2000). There is also
scarce evidence for a more stringent (i.e., isohydric) stomatal
behavior in dwarfed compared with invigorated trees, although
the stomatal response to drought was investigated only in a few
studies (Atkinson et al. 2000, Tworkoski et al. 2016). Thus, it
is still not clear if dwarfed trees are more susceptible or more
resistant to drought stress, which is an important shortcoming,
considering their extensive use in commercial orchards and
predictions of increasing drought conditions as a result of
climate change.

Lower stomatal conductance prevents excessive water loss
but at the cost of reduced CO, assimilation, which might be
another factor potentially contributing to the reduced growth
vigor. The relative balance between carbon supply and demand
is generally reflected in the tissue concentrations of non-
structural carbohydrates (NSC). The NSCs are thus often used
as indicators for carbon limitation of tree growth (Hoch 2015,
Weber et al. 2018), although a prolonged limitation in car-
bon uptake can also lead to an upregulation of tissue NSC
concentrations on account of other carbon-sink activities in

trees (Weber et al. 2019). Lower NSC concentrations (Yano
et al. 2002, Weibel et al. 2008) and slower spring shoot
expansion rates have been observed in dwarfed trees (Weibel
et al. 2003, Clearwater et al. 2006), supporting the hypoth-
esis that the growth of trees on size-controlling rootstocks is
carbon-limited. Besides the growth resumption in spring, similar
mechanisms could also reduce the growth of dwarfed trees
in response to drought. The presumably lower NSC reserves
in dwarfed trees could be more easily depleted during long-
term drought exposure, resulting in a tree’s inability to restore
water transport and growth after the drought stress is relieved
(McDowell 2011).

Given the plethora of interweaving processes, the exact
roles of water- and carbon-related mechanisms in rootstock-
induced size-controlling mechanisms remain poorly understood
and warrant further investigations (Basile and DeJong 2018). To
date, the physiological controls of rootstock-induced vegetative
growth have been mainly studied by measuring the short-
term dynamics of shoot extension together with the presumed
environmental or physiological drivers (Berman and Delong
1997a, 1997b, Solari et al. 2006a). Compared with the apical
shoot growth, the effect of rootstock on the dynamics of radial
trunk growth is much less understood, although differences
in the trunk cross-sectional area (TCSA) are frequently used
to assess the efficiency of size-control conferred by various
rootstocks. Due to the cumulative nature of the trunk radial
growth, most TCSA-based comparisons are conducted at annuall
or inter-annual scales (Russo et al. 2007, Mészaros et al.
2019), while the information on finer scale growth dynamics
of trunks is scarce.

Seasonal measurements of TCSA increments were done in
two peach cultivars on five size-controlling rootstocks (Weibel
et al. 2003). In this study, the trees on dwarfing rootstocks
grew slowly but continuously during the growing season, while
the trees on invigorating rootstocks grew faster initially but
slowed down profoundly during the hottest summer months.
The authors hypothesized that the invigorated trees suffered
from greater drought stress due to excessive water loss from
their large canopies. This explanation, however, contrasted the
findings in shoots, in which the greatest difference in growth
among the rootstock combinations was observed during the
early part of the season before the onset of a major drought.
While the overall shoot and trunk growth are usually tightly
correlated among rootstock variants (Basile and Delong 2018,
Jupa et al. 2021), different seasonal growth patterns can
be expected due to the inherent developmental constraints
(Lauri et al. 2010) and different environmental sensitivities
of primary versus secondary growth (Gricar et al. 2017,
Peters et al. 2021).

To expand our understanding of trunk growth dynamics
and to shed more light on the involvement of water- and
carbon-related processes in rootstock-induced mechanisms of
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growth vigor control in composite fruit trees, we examined
the trunk radial growth and water and carbon relations of
‘Jonagold’ apple trees grafted on two rootstocks with contrasting
size-controlling potential during an exceptionally dry and hot
growing season. To monitor the trunk radial growth, we used
automatic high-precision dendrometers. These devices provide
a great opportunity to continuously monitor growth- and water-
related processes in trees (Zweifel et al. 2006) and have been
explored for their potential to optimize irrigation scheduling in
fruit tree orchards (Fernandez and Cuevas 2010). Here, we
combined the dendrometer data with the measurements of leaf
water potential, leaf gas exchange and NSC concentrations in
branches and roots. We hypothesized that dwarfed trees are
subject to greater drought stress compared with invigorated
trees, which translates into lower trunk radial growth increments.
We also expected that drought-induced stomatal closure in
dwarfed trees will result in reduced NSC reserves and lead to
slower or delayed vegetative growth, which is consistent with
the carbohydrate reserve theory (Basile and Delong 2018).

Materials and methods

Plant material and site conditions

Twenty-eight-year-old composite apple trees (Malus domestica
Borkh.) of ‘Jonagold’ variety grafted on two different size-
controlling rootstocks were used for this study. The selected
rootstocks have previously been shown to induce either low
(J-TE-G rootstock) or high (J-TE-H rootstock) vegetative vigor
(Kosina 2010, Jupa et al. 2021). The studied trees were grown
in the experimental orchard of the Research and Breeding
Institute of Pomology in Holovousy, Czech Republic (50.37 N,
15.57 E; 283 m above sea level). The orchard was established
in 1990 on loamy brown soil with a neutral pH and medium
fertility. The trees were planted in hedgerows in the spacing of
4.5 x 2.3 m and were cultivated to short (70 cm) stem heights
with the topmost scaffold branches at the heights of 1.5 m
for all trees. After planting, pest management and fertilization
practices were conducted based on local recommendations
for commercial orchards. Neither irrigation nor fruit thinning
was applied. In March 2018, three healthy individuals of each
rootstock type were selected for measurement of their trunk
circumference with a measuring tape ~50 cm above the root
collar. The TCSA was then calculated assuming a circular trunk
cross-section. Further, in late September 2018, the fruit yield
per tree was determined using a portable scale.
Micro-meteorological conditions in the orchard were moni-
tored throughout the growing season with a set of standard
meteorological sensors placed 2 m above the ground level. Air
temperature and relative humidity were measured with an HMP
35D sensor (Vaisala, Vantaa, Finland), while the precipitation
was measured with a WXT531 sensor (Vaisala). The data were
transmitted in 15-min intervals and were used for calculating
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the vapor pressure deficit (VPD; kPa). Soil water potential (W sil;
MPa) was measured in close vicinity of the study trees, with two
Teros 21 water potential sensors (Meter Environment, Pullman,
WA, USA) connected to a MicroLog SP3 data logger (EMS Brno,
Brno, Czech Republic). The sensors were installed between two
neighboring trees in the weed-free strip of soil at depths of 5
and 30 cm. The W, values were recorded at 1-h intervals.

To evaluate the year 2018 in terms of its dryness relative
to the long-term climate conditions, the monthly mean temper-
atures and monthly precipitation sums measured in 2018 were
compared with the values measured during the previous 20
years (1998-2017). For this interannual comparison, official
meteorological data obtained from the weather station run by the
Czech Hydrometeorological Institute at Holovousy were used
(data available at: https://bit.ly/3gF6jcQ). The weather station
is located within 500 m of our experimental site.

Changes in trunk circumference

Automatic band dendrometers equipped with a data logger
(DRL26C; EMS Brno, Brno, Czech Republic) were installed on
the trunks of two selected trees of each rootstock combination.
The dendrometers were placed at a height of ~40 cm above
the root collar. The circumference readings were acquired in
hourly intervals during the entire growing season. The raw
values were thermally corrected and expressed as cumulative
circumference increments starting from zero on 1 May. The
temperature correction factor (in ym °C™") was calculated
separately for each dendrometer from the circumference and
temperature readings obtained during November 2018 when
the trees were already leafless and the detected changes in
trunk circumference were thus not affected by transpiration. The
dendrometer data were then analyzed using two complementary
approaches focusing on the trunk circumference variation at
either seasonal or diurnal timescales.

To describe the overall seasonal pattern in the trunk radial
growth, the cumulative circumference increments were fitted by
the Gompertz model using the following formula:

y=Yyo+axexp[—exp(b—cxt)], (1)

where y is the cumulative circumference increment, yo is the
lower asymptote, a is the upper asymptote, b is the x-axis
displacement parameter, c is the rate of growth parameter and
t is the time since the measurement began (Duchesne et al.
2012). Based on the Gompertz model, the total annual trunk
circumference increment (Ga; mm) was calculated as Ga = a —
yo. We used the fitted circumference data to estimate the daily
trunk circumference growth rate (GR; um day~') as GR = y; —
¥t — 1. The circumference GR of 7 pm day~" was then considered
as a threshold value to determine the date of growth initiation
(Dini) and cessation (Denp). For each tree, the duration of the
growing season (Gpur; days) was calculated as the number of
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days between Dy and Degnp. Similarly, the mean daily GR of
each tree (GRvean; pm day™') was calculated from GR values
within the Dinyi—Denp period. Finally, we determined the maximal
seasonal GR (GRmax; pm day™") and the corresponding date of
maximal growth (Dmax) of each tree.

To understand the trunk radial growth and the patterns of
stem shrinkage and swelling at a finer scale, the diurnal changes
in the trunk circumference were analyzed. The changes in
trunk circumference were transformed to start at zero at the
beginning of each day (i.e., at 00:00 h). The transformation
involved the subtraction of the first circumference reading from
all subsequent readings within each day. The resulting values
are referred to as daily trunk circumference variation (TCVp;
pum). For most days, the changes in the trunk circumference
showed a characteristic sinusoidal pattern of trunk shrinking and
swelling with a regular diurnal periodicity (Drew and Downes
2009). Occasionally, long cycles of intensive trunk swelling
that lasted for 2—-3 days occurred (Deslauriers et al. 2007).
These irregular readings coincided with rain events and were
excluded from the analyses, as were data recorded on the
days following a major rain event (i.e., days with a precipitation
sum >5 mm). From the regular diurnal readings, we then
extracted two parameters. First, we calculated the interdiurnal
trunk circumference change (AC; um) as the difference between
the daily maxima of two consecutive days (Deslauriers et al.
2007, Dolezal et al. 2019). The values of AC were either
positive or negative. The positive AC values were interpreted
as irreversible trunk growth, while the negative AC suggested
no or minimal trunk growth and gradual depletion of stored
water reserves (Deslauriers et al. 2007, Zweifel et al. 2016).
The second parameter derived from the diurnal data was the
maximum trunk daily shrinkage (MDS; pm), which was calcu-
lated as the difference between the daily maximal and minimal
trunk circumference values. The MDS values reflect mainly the
reversible changes in stem water storage rather than the trunk
growth (Fernandez and Cuevas 2010). The MDS and AC
obtained from our dendrometer readings were compared across
the rootstock variants and months and were analyzed in relation
to the VPD. In the exploratory analyses, we also looked at the
relationships with other potential environmental drivers (such as
air temperature and Ws,j). However, these relationships were
either non-significant or collinear with the VPD.

Leaf water potential and leaf gas exchange measurements

To characterize the tree water status and photosynthetic per-
formance, the midday leaf water potential (Vmp) and leaf gas
exchange parameters were measured repeatedly during the
summer drought period. The Wmp was measured on two fully
developed, unshaded leaves from each tree (n = 6) between
11:00 and 13:00 h using a portable Scholander pressure
chamber (1505D-EXP, PMS Instrument Company, Albany, OR,
USA). The Wmp data were already included in another paper by

the authors (Jupa etal. 2021). With the Wvp measurements, the
midday stomatal conductance (gs; mmol H,O m™ s™') and net
assimilation rates (A; pmol CO, m~2 s™') were simultaneously
assessed on a neighboring leaf using the LI-6800P portable
photosynthesis system (Li-COR Inc., Lincoln, NE, USA). One
leaf from each tree (n = 3) was measured at each measuring
date. The leaf was inserted into the chamber and was allowed
to equilibrate for at least 10 min to the pre-set chamber
conditions (irradiance: 1800 pmol m~—2 s™'; air temperature:
ambient; chamber relative humidity: ambient; reference CO
concentration: 400 p.p.m.; flow rate: 300 pmol s™'; fan speed:
10,000 rpm). The reference and sample infrared gas analyzer
readings were matched before each measurement.

Non-structural carbohydrates analysis

To provide insights into the tree carbon balance and carbohy-
drate storage, the concentrations of NSC were measured in
1-year-old lateral branches and coarse woody roots of trees
on both rootstocks. The sampling took place on four dates in
the year 2018: in spring, during bud break (18 April); in early
summer, during the period of the most active vegetative growth
(5 June); in mid-summer, during the peak of the drought period
(31 July); and in late autumn, after leaf fall (16 November). At
each sampling date, two samples of both branches and roots
were collected from the opposite sides of each tree (n = 6;
eastern and western tree sides). 1-year-old proleptic shoots
(10-15 mm in diameter, 15-25 cm in length) were excised
from a sunlit part of the crown at a 1.5 m height, and the
leaves or buds were removed. The root segments (5—-10 mm
in diameter, 10-20 cm in length) were collected at a soil depth
of 15-50 cm and at a distance of 50 cm from the root collar.
The samples were transported to the laboratory within 30 min
after collection, microwaved at 600 W for 30 s to deactivate
the NSC-modifying enzymes (Popp et al. 1996) and oven-dried
at 80 °C for 3 days. The dried samples, composed of sapwood
and bark tissues, were homogenized using a centrifugal grinding
mill (ZM 100; Retsch; Haan, Germany) and were sent to
the Plant Ecophysiology Laboratory at the University of Basel,
Switzerland, for NSC analyses.

The NSC data were expressed as the sum of the three
quantitatively most important sugars (glucose, fructose and
sucrose) plus starch. The NSCs were analyzed using the
enzymatic-photometric method described in Landhdusser et al.
(2018). Briefly, low molecular weight sugars were extracted
from the plant powder with 80% ethanol at 90 °C for 10 min,
the supernatant was collected, the pellet was washed three
more times with ethanol and the supernatants were mixed. After
evaporation of the ethanol and resuspension of the extracts in
deionized water, the total amount of glucose was determined
photometrically after the enzymatic conversion of fructose
and sucrose to glucose in a multiplate photometer (HR 700,
Hamilton, Reno, NE, USA) at 340 nm by converting glucose-6-P
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Table 1. Growth and yield characteristics of the studied apple trees grafted on dwarfing (J-TE-G) and invigorating (J-TE-H) rootstocks.

Rootstock: Dwarfing (J-TE-G) Invigorating (J-TE-H)

Tree id: 1 2 3 1 2 3
Dendrometer Yes Yes No Yes Yes No
TCSA (cm?) 103.1 103.1 121.0 305.9 315.8 309.9
Yield (kg) 68.2 71.8 68.0 1319 110.2 97.4
Yield efficiency (kg cm™2) 0.66 0.70 0.56 0.46 0.35 0.32
Dini 3 May 2 May — 9 May 3 May —
Dmax 21 May 17 May — 4 June 6 June —
Denp 25 June 19 June — 25 July 15 August —
Ga 1.52 1.39 — 2.47 4.06 —
GpUR 54 49 — 78 105 —
GRmax 43.8 47.0 — 46.6 64.9 —
GRMEAN 26.0 28.2 — 27.5 35.2 —

The Note: TCSA was calculated from trunk circumference measured at 50 cm above the root collar. Fruit yield per tree (yield) was quantified at
the end of September 2018. Yield efficiency was determined as the yield divided by TCSA. The following growth parameters were derived based
on the cumulative circumference increments modeled with the Gompertz function (Figure 2C and D). Diy—date of growth initiation, Dmax—date
of the maximum growth rate, Denp—date of growth cessation, Ga—annual trunk circumference increment (mm), Gpyr—growth duration (number
of days), GRmax—maximum growth rate (um day™'), GRmgan—mean growth rate (um day™'). Estimated daily growth rate of 7 um day™" was

considered as the threshold for growth initiation and cessation.

to gluconate-6-P. To break down the starch in the remaining
pellet, the pellet was resuspended in deionized water and
first treated with a-amylase (from Bacillus licheniformis) for
2 h at 85 °C. After centrifugation of the samples, an aliquot
of the supernatant was treated with amyloglucosidase (from
Aspergillus niger) at 55 °C for 2 h for complete conversion of the
starch to glucose. The total amount of glucose (corresponding
to the initial amount of starch) was determined photometrically
as given above. To control the reproducibility of the extraction,
standard plant powder (Orchard leaves, Leco, St Joseph, M,
USA) and pure starch, glucose, fructose and sucrose solutions
were included in the analysis. Glucose standard (1 mgml~") was
used to calculate the glucose concentrations of the extracts. All
chemicals and enzymes were purchased from Sigma Aldrich, St
Louis, MO, USA. The concentration of starch and low molecular
sugars are expressed as % dry mass.

Statistical analyses

General linear models (LMs) and corresponding analyses of
variance (ANOVAs) or covariance (ANCOVAs) were used to
evaluate the effects of the rootstock, month or VPD on MDS
and AC values. The model residuals were graphically checked
to assure assumptions of homoscedasticity and normality. To
satisfy the model assumptions and to remove patterns in the
residuals, the MDS response variable was log-transformed.
In the case of the AC response variable, outliers beyond
0.1 and 0.9 quantiles were removed. Significant ANOVA and
ANCOVA results were followed up by Tukey-adjusted multiple
mean comparisons using emmeans R package (Lenth 2020).
To analyze the fraction of days with positive or negative AC
as a function of the rootstock, month or VPD and their respec-
tive interactions, the response variables were coded as binary

(i.e.,, 1 for positive AC, or O for negative AC), and the
relationship was modeled using the logistic regression. Two-way
ANOVAs were used to evaluate the effects of the rootstock, date
and their interaction on the values of physiological parameters
(UMb, gs, A and NSC concentrations). For all relationships
modeled with LMs, we also constructed analogous linear mixed-
effect models with individual tree ID included as a random factor.
These analyses were implemented using the /me4 package
(Bates et al. 2015). However, since the amount of residual
variability attributed to the random factor was generally low,
and the results were not largely different from the LM models,
we decided to use the simpler linear regression approach. All
statistical analyses were performed in R (R Development Core
Team 2010). Results were considered statistically significant at
P < 0.05. Data are presented as mean £+ 1 SE (number of
replicates). Predicted relationships are shown surrounded by
95% confidence intervals. Graphs were produced using the R
packages ggplot2 (Wickham 2016) and cowplot (Wilke 2019).

Results

Tree size and yield characteristics

Dwarfed trees on J-TE-G rootstock had about one-third the TCSA
of the invigorated trees on J-TE-H rootstock (109 vs 311 cm?,
Table 1). Annual fruit yield in dwarfed versus invigorated trees
was 69 vs 113 kg tree™', respectively. Correspondingly, yield
efficiencies were almost two times higher in dwarfed compared
with invigorated trees (0.64 vs 0.36 kg cm™?, Table 1).

Climatic conditions

The year 2018 was substantially hotter and drier than the
previous 20 years (Figure 1). The mean annual temperature in
2018 was 1.6 °C higher than the long-term mean, and the total
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Figure 1. (A) Mean annual air temperature and (B) annual precipitation
totals from 1998-2018. The dashed lines indicate the long-term
averages for the depicted period. The year 2018 stands out as the
hottest and driest on record.

sum of precipitation reached only 57% of the long-term mean.
These differences were even more extreme when focusing on
the active growing season, with the spring temperatures in April
and May being >3 °C higher than the long-term mean and the
precipitation in July and August being only 25% of the long-
term mean sum (the daily data can be accessed at https://bit.
ly/3gF6jcQ).

The seasonal time courses of VPD and W measured in the
orchard indicated that the severe drought conditions culminated
inJuly and August (Figure 2). At the peak of the drought period,
the mean daily VPD values reached up to 2.5 kPa (Figure 2A)
corresponding to the maximal daily VPD of around 5 kPa. The
Wil at 5-cm soil depth declined from O MPa in spring to
—4 MPa by the end of August and recovered only partially
with the onset of cooler and wetter weather in September
(Figure 2B). We acknowledge that the extremely low values of
Woil might be artifacts resulting from the disconnection of the
sensor from the soil matrix. Nevertheless, the Wy data provide
valuable insights into the overall seasonal pattern of soil water
availability.

Seasonal trunk growth pattern

Clear differences were observed in the duration and dynam-
ics of the seasonal trunk growth of the examined rootstock
combinations (Table 1, Figure 2C and D). The initiation of trunk

secondary growth (Djy)) occurred in the first half of May in
all four examined trees (Table 1, Figure 2C and D). However,
dwarfed trees reached their maximum GRs ~2 weeks earlier
compared with the invigorated trees (Dmax at 17 and 21 May
for low vigor vs 4 and 6 June for high vigor trees, Table 1).
Similarly, dwarfed trees ceased their radial growth >1 month
sooner (i.e., in the second half of June) when compared with the
invigorated trees (Table 1, Figure 2C and D). The substantially
shorter duration of the growth period (Gpyr) together with
slightly lower mean and maximal GRs (GRvean, GRmax) resulted
in 0.8-2.7 mm lower annual trunk circumference increments
(Ga) in dwarfed when compared with invigorated trees (Table 1,
Figure 2C).

The drought period between the middle of July and end
of August was associated with a stagnation of the trunk
radial growth in both rootstock variants (Figure 2C). During
this period, the trunks of invigorated trees showed no
appreciable increase in circumference, while the dwarfed trees
even showed a gradual decline in their trunk circumference
(Figure 2C).

Diurnal variation in trunk circumference and differences in
AC and MDS values

Marked differences between rootstock combinations were also
observed in the diurnal variation of the trunk circumference
and the derived AC and MDS values. In invigorated trees, the
trunk circumference variation showed a characteristic diurnal
pattern of sinusoidal shape on most of the days, particularly
on days with high VPD (Figure 3). The increase in trunk
circumference (i.e., trunk swelling) occurred mainly during the
night hours (from 20:00 to 06:00 h) and continued during
the early morning hours when the VPD was low. The maximal
daily circumference values were typically attained between
08:00 and 10:00 h. Then, the trunk circumference started to
decrease (i.e., trunk shrinking), reaching its minimum typically
around 18:00-19:00 h. In dwarfed trees, the diurnal pattern
was less pronounced and the overall amplitude of the diurnal
changes, corresponding to MDS, was much lower (Figure 3A)
when compared with invigorated trees. The comparison of
rootstocks across months revealed significantly lower MDS in
dwarfed when compared with invigorated trees (mean ratio
0.48 £+ 0.024, t-ratio = —14.817, df = 438, P < 0.001), with
the differences being greatest in July and August (Figure 4A).
The significant differences across months (P < 0.001) were
paralleled by a strong positive association between MDS and
VPD (B = 0.30, P < 0.001). While MDS increased with an
increasing VPD in both rootstock combinations, the effect was
stronger in invigorated trees (Figure 4B).

The AC ranged typically between —68 and + 54 ym (0.10
and 0.90 quantiles). There was a significant effect of rootstock
(P < 0.001) and month (P < 0.001), while the interaction
between those two factors was non-significant (P = 0.103). The
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Figure 2. (A, B) Micrometeorological conditions at the orchard site and (C, D) seasonal patterns of the trunk radial growth in four individual apple
trees, two dwarfed (J-TE-G) and the other two invigorated (J-TE-H). (A) Time course of the mean daily VPD, precipitation (precip) and (B) soil
water potential (Wsoi) at 5- and 30-cm soil depths are shown. (C) Cumulative trunk circumference increments measured by band dendrometers
(thin wiggly lines) are plotted together with seasonal growth trends modeled with the Gompertz function (thick smooth lines). (D) Changes in the
estimated growth rates derived from the Gompertz fits are shown. The vertical dotted lines indicate dates when the leaf water potential and leaf
gas exchange measurements (Figures 6) were conducted. The period between the first and last dotted lines corresponds roughly to the peak of the

seasonal drought.

AC values were lower in dwarfed than invigorated trees (mean
difference — 12.1 £ 3.11 pym, t-ratio = —3.875, df = 342,
P < 0.001). The AC values were highest in June and lowest in
August. There was a tendency for decreasing AC with increasing
VPD; however, this relationship was rather weak (8 = —7.09,
P = 0.123; Figure 4D). The values of AC were frequently
negative in both rootstock combinations. The results of the
logistic regression showed that the probability of observing a
positive AC value was significantly lower in dwarfed than in
invigorated trees (odds ratio: 0.595 + 0.13, z-ratio = —2.34,
P = 0.012; Figure 5A). The probability of positive AC was
generally lower in July, August and September compared with

the first 2 months of the growing season (Figure 5A). The
probability of observing a positive AC value decreased with an
increasing VPD (8 = —0.76, P = 0.017; Figure 5B).

Leaf water potential and leaf gas exchange

During the whole drought period, dwarfed trees had significantly
lower WMmp, gs and A than invigorated trees (Figure 6). The
interaction between the rootstock and date was not significant
for any of the parameters, indicating that the physiological
response to drought was similar in both rootstock variants.
Across the measuring dates, the values of Wyvp and gs were
linearly correlated (R =0.732, P =0.016) and gs decreased as
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Figure 3. (A) Daily trunk circumference variation (TCVp) in dwarfed (J-
TE-G) and invigorated (J-TE-H) rootstock combinations and (B) diurnal
time course of the VPD. The thin lines represent the daily trunk
circumference variation for 28 individual July and August days with no
rain and high evaporative demands (i.e., mean daily VPD >1.5 kPa). The
thick lines show the mean surrounded by the 95% confidence interval.

W pmp became more negative. Both variables were also correlated
with VPD with the correlation being stronger for Wyvp (VPD
vs Uvp: R = —0.907, P < 0.001; VPD vs gs: R = —0.632,
P = 0.050).

Non-structural carbohydrates

The trees showed broadly similar seasonal patterns of NSC
concentrations in their branches and roots, with several notable
differences between the two rootstock combinations (Figure 7).
The highest total NSC and starch concentrations were found
during late autumn (16 November, Figure 7A and D), whereas
the lowest values were observed at bud break (18 April,
Figure 7A-C) or during the phase of the most intense
vegetative growth in branches of invigorated trees (5 June,
Figure 7A and C). The NSCs were never completely depleted
as total NSC concentrations were always higher than 8% (dry
weight). However, starch concentrations close to zero were
observed in branches of invigorated trees on 5 June and
in roots of dwarfed trees on 18 April, indicating a strong
withdrawal of NSC reserves during this time. Significantly
lower starch concentrations were observed in roots of dwarfed
when compared with invigorated trees (Figure 7D). The lower
starch concentrations of roots of dwarfed trees were, however,

compensated by higher concentrations of soluble sugars
(Figure 7F), resulting in similar total NSC concentrations in
the roots of both rootstock combinations (Figure 7B). Both
total NSC and starch concentrations decreased during the initial
phase of the growing season (between 18 April and 5 June)
in branches of invigorated trees, while they slowly increased in
dwarfed trees. Consequently, the branches of invigorated trees
had significantly lower total NSC and starch concentrations in
June and July when compared with dwarfed trees.

Discussion

The analysis of the trunk circumference growth conducted
at the seasonal timescale revealed marked differences in the
duration and dynamics of the trunk radial growth between
the two rootstock combinations. We conclude that the smaller
annual trunk increments of dwarfed trees were mainly due to
their shorter growing season rather than lower absolute GRs
(Table 1, Figure 2). The shorter growing season was mainly
driven by an earlier growth cessation, while the onset of trunk
radial growth occurred around the same time in both rootstock
combinations. Our initial hypothesis that the differences in trunk
radial growth between dwarfed and invigorated trees are shaped
by greater drought stress in low vigor trees seems plausible
in the light of our results, although an unequivocal conclusion
as to whether the drought stress was the decisive driver of
the differences in growth vigor cannot be drawn based on our
current data. In both rootstock combinations, we found very
limited trunk radial growths in July and August, which were the
driest months (Figure 2). While tree growth in the northern
temperate climate typically peaks around the summer solstice
and declines afterward (Rossi et al. 2006), such minimal
growth increments during July and August, as observed here,
are extreme and likely related to the exceptionally hot and
dry weather in 2018 (Figures 1 and 2A and B). The summer
drought of 2018 was one of the worst on record for Central
Europe (Blntgen et al. 2021) and resulted in marked declines
in ecosystem productivity, extensive forest diebacks and major
agricultural losses (Buras et al. 2020, Schuldt et al. 2020).
Thus, water limitation of tree growth at our non-irrigated orchard
site was likely to occur. However, the growth cessation in
dwarfed trees was initiated already before the onset of the major
drought period (Figure 2C and D). This indicates that other
mechanisms, unrelated to drought stress, may have affected the
trunk radial growth of the study trees. For instance, it is possible
that the relatively high fruit load and the differences in yield
efficiencies between dwarfed and invigorated trees (Table 1)
influenced the trunk radial growth due to carbon allocation trade-
offs (Stevenson and Shackel 1998, Lauri et al. 2010). Similarly,
differences in hormonal levels, as widely accepted mechanisms
of rootstock-scion signaling (Aloni et al. 2010), could have been
involved.

Tree Physiology Volume 00, 2021

220z fienuer || uo Jasn ssaooe als dNO Aq v2¥Se9/1 | L gedysAydealy/ce0l 0L /1op/alo1e-aoueApe/sAydasi)/woo dno-olwapeose)/:sdyy Wol) papeojuMo



Rootstock effect on growth, water and NSC balance 9

A R: P <0.001 B R: P<0.001
M: P < 0.001 VPD: P < 0.001
600} EF dwarfed (J-TE-G) , RxM: P<0.001 - RXVPD: P < 0.001 .
Ed invigorated (J-TE-H
g 400 | -
2 e * @
200 i g . -
=5 57 & =
Ok — T S S S |
C R: P<0.001 D , o R:P<0.001
M: P <0.001 %e , & VPD:P=0392,
RxM: P =0.103 e RxVPB: P = 0.963
50 8 ® ® ®
PPt 1L
=
Dokl 1
<
o I
50 @ ¥ -
[ ]
s .
® (5] ® @
-100 F ° i
May Jun Jul Aug Sept 0.5 1.0 1.5 2.0 25
month VPD (kPa)

Figure 4. (A, B) The MDS (i.e., a difference between the daily maximal and minimal trunk circumference) and (C, D) interdiurnal trunk circumference
change (AC; i.e, the difference between the daily maxima of two consecutive days) in dwarfed (J-TE-G) and invigorated (J-TE-H) rootstock
combinations. The MDS and AC values are compared across months (A, C) and in relation to the mean daily VPD (B, D). The boxplots show
the 25th and 75th percentiles (box), 10th and 90th percentiles (whiskers) and the median (line). Predictions from the general LM are shown with
95% confidence intervals (ribbon). Log-transformation was applied for MDS values, and outliers outside of 0.1 and 0.9 quantiles were removed from
AC to satisfy the model assumptions. Results from the ANOVA- and ANCOVA-type tests evaluating the effects of rootstock (R), month (M), VPD and
their respective interactions (R x M, R x VPD) are shown. Significant effects (P < 0.05) are highlighted in bold. The means of the two rootstock
combinations within each month were separated by Tukey-adjusted pairwise comparisons and significant differences are indicated with an asterisk

(*P < 0.05, **P < 0.01, ***P < 0.001).

The results obtained from the analyses of dendrometer data
on a daily timescale corroborate the results of the seasonal
modeling and provide additional support for the important role
of water limitation in radial trunk growth. Wood formation in
trees is known to be water-limited, although it remains to be elu-
cidated how soil-, atmospheric- and plant-related drivers interact
to limit tree growth across various species and environments
(Zweifel et al. 2006, Cabon et al. 2020). From a mechanistic
point of view, water limitation of radial growth hinges on the
assumption that turgor is the key driver of cell division and
expansion in the cambial and differentiation zones, respectively
(Abe et al. 2003, Steppe et al. 2006). We observed that a
positive net radial growth was less likely to occur (Figure 5), and

the AC increments were lower (Figure 4C and D) during days
with high evaporative demands. These patterns were stronger
in dwarfed trees. Dwarfed trees also had less profound diur-
nal trunk circumference variation (Figure 3) and smaller MDS
(Figure 4A and B), particularly during warm and dry summer
days, suggesting that they stored and/or utilized less water
reserves compared with invigorated trees. Since water storage
helps to buffer the disbalance in water potential, dwarfed trees
will likely experience reduced turgidity in their cambial region,
which, in turn, restricted their trunk radial growth.

The limited trunk water storage dynamics in dwarfed trees
can be structurally or physiologically explained. Structurally,
the absolute water storage is proportional to the tree size
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Figure 5. (A) The relative fraction of days with a positive interdiurnal
trunk circumference change (AC) in dwarfed (J-TE-G) and invigorated
(J-TE-H) rootstock combinations compared across months and (B) the
probability of positive AC values as a function of an increasing daily VPD.
(A) The columns and error bars represent the means and ranges of the
two values for each rootstock combination, respectively. The number of
days with positive AC out of the total considered days (i.e., days not
affected by rain and after removing outlier AC outside of 0.1 and 0.9
quantiles) for the two individual trees for each rootstock combination are
printed below and above the bars. (B) The observed data (points) and
predicted relationships modeled using a logistic regression (lines). The
shaded ribbons surrounding the prediction lines show 95% confidence
intervals.

(Olien and Lakso 1986, Goldstein et al. 1998). Thus, a lower
absolute amount of water is stored in trunks of dwarfed trees,
which had one-third the TCSAs compared with the invigorated
trees (Table 1). Dwarfed trees also tend to have less extensive
and shallower root systems (Jupa et al. 2021), which could
have prevented them from accessing soil water to replenish
the depleted reserves. Alternatively, physiological mechanisms
related to phloem-xylem functioning might have been involved.
It is generally believed that stored water is withdrawn from an
elastic bark, while wood contributes less to the diurnal trunk
variation (Pfautsch et al. 2015a). The radial exchange of water
between the bark, cambium and mature xylem is facilitated by
the abundant connections via rays (Van Bel 1990). Perturbed
bark-to-xylem ratios, different fractions of rays (Beakbane and
Thompson 1940, Chen et al. 2015, Jupa et al. 2021), as well
as a lower capacity of bark for auxin transport (Kamboj et al.
1997), have been documented in dwarfing rootstocks, and
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Figure 6. (A) Midday leaf water potential (¥mp), (B) stomatal conduc-
tance (gs) and (C) net assimilation rates (A) measured in dwarfed (J-TE-
G) and invigorated (J-TE-H) rootstock combinations during the drought
period. Data points and error bars represent the means and SE (n = 6
for ¥mp, n = 3 for gs and A). Two-way ANOVA was used to evaluate
the effects of rootstock (R), date (D) and their interaction (R x D).
Significant effects (P < 0.05) are highlighted in bold.

these changes might lead to the disruptions of phloem-xylem
coupling and reduce the ability to exchange water between
these tissues and the cambial zone. Future experiments with
symplastic tracers (Sokotowska and Zagérska-Marek 2012,
Pfautsch et al. 2015b) will be useful to test this hypothesis.
Our data also provide insights into the sensitivity of leaf-
level physiological processes to drought. The values of Wvp
and leaf gas exchange parameters measured in the two root-
stock combinations (Figure 6) demonstrate substantial drought
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Figure 7. Concentrations of NSC measured in 1-year-old branches (A, C, E) and coarse woody roots (B, D, F) of dwarfed (J-TE-G) and invigorated
(-TE-H) rootstock combinations. The concentrations of total NSC (A, B), starch (C, D) and soluble sugars (E, F) are given as a percentage of dry
weight (% d.w.). Data points and error bars represent the means and SE (n = 5-6). Two-way ANOVA was used for the statistical testing. The significant
effects (P < 0.05) of the rootstock (R), date (D) or their interaction (R x D) are highlighted in bold. In the case of a significant interaction, the means
of the two rootstock variants within each sampling date were separated by Tukey-adjusted pairwise comparisons. Significant differences (P < 0.05)

between the rootstock means are highlighted with an asterisk (*).

stress, which resulted from a combined effect of atmospheric
and soil drying, as is often the case in natural field condi-
tions. The minimal ¥yvp of —2.4 and — 2.8 MPa observed
in early August in invigorated and dwarfed trees, respectively
(Figure 6A), correspond roughly to the values causing turgor
loss in leaves and critical embolism in the stem xylem of apple
trees (Beikircher et al. 2013, 2019). While apple trees are quite
drought resistant, horticultural studies report tangible impacts

on the yield (mostly reduction of fruit size) at stem water poten-
tials of around —1.5 MPa (Naor et al. 1995). The generally
lower values of Wyp and leaf gas exchange parameters in
dwarfed trees (Figure 6) are likely related to the less efficient
water uptake and delivery caused by their less extensive root
systems and lower xylem transport efficiency (Atkinson et al.
2003, Jupa et al. 2021). The finding that leaf-level processes in
dwarfed trees declined at the same rate during drought as those
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in invigorated trees is surprising, considering its shallower root
system and lower hydraulic conductance, and the differences
in water storage dynamics (Figure 3). If water storage buffered
the leaf water status, we would expect to find a less pronounced
decline in Wyp and/or gs in invigorated trees whose water
storage dynamics was apparently not disrupted (Figure 3).
Nevertheless, our data are consistent with the conclusions of
Olien and Lakso (1986), who examined the diurnal variation
of leaf water potential in apple trees grafted on different size-
controlling rootstocks and also concluded that water storage
did not play a major role in controlling the bulk leaf hydration.
Taken together, these results point to a more subtle role of water
storage that can be manifested at a finer spatial scale, such as
by sustaining cambial region turgidity as discussed above.

The similar drought sensitivity of the trees on different
rootstocks contrasts with the results of some previous studies
(Atkinson et al. 2000, Cohen and Naor 2002, Tworkoski et al.
2016). The diverse patterns in gs, leaf water potential dynamics
and their mutual coordination observed across various studies
on size-controlling rootstocks reflect the interspecific differ-
ences, various tree age (seedlings vs mature trees), specific
growing conditions (pots vs field grown) and the type of
drought stress imposed (short-term vs long-term, atmospheric
vs soil drought). The similar drought sensitivity of dwarfed
and invigorated trees in the present study might be a result
of the long-term structural acclimation throughout the tree’s
lifetime. The studied trees were grown without irrigation for
>20 years and may have adjusted the mutual coordination of
water uptake, transport and loss, allowing them to effectively
operate at different physiological levels. For example, canopy
water demands, as a consequence of the tree growth potential,
are likely mutually coordinated with the structure of the root
system and its ability to extract water from the soil within a self-
regulating feedback loop (Contador etal. 2015). To substantiate
this hypothesis, it would be useful to evaluate the allometric
scaling between root, sapwood and leaf biomass or areas.
While such measurements are laborious for large mature trees,
adjustments of these parameters are known from studies using
smaller trees and show that the reduction of shoot-to-root ratio
may partially compensate for the lower hydraulic conductivity
of dwarfed trees (Nardini et al. 2006, Solari et al. 2006b,
Tworkoski et al. 2016).

Despite the lower photosynthetic rate in dwarfed trees
(Figure 6C), the evidence for the reduced NSC levels and con-
sequent carbon limitation of their growth is weak. Throughout
the season, the NSC reserves were never completely depleted in
either branches or roots, providing no support for direct carbon
starvation (Figure 7). It is, however, possible that the trees
prioritized the maintenance of certain NSC levels over growth,
although storage is traditionally assumed to have lower sink
priority (Oliveira and Priestley 1988, Wardlaw 1990). The NSC
concentrations and seasonal dynamics were generally similar in

dwarfed and invigorated trees, suggesting no major differences
in NSC accumulation and mobilization between both rootstock
combinations. This would mean that a higher proportion of
newly produced carbohydrates were spent on the maintenance
of NSC reserves in dwarfed trees, which also allocated more
biomass to fruits (Table 1). Consequently, the lower vigor of
these trees is associated with perturbations of their overall
sink-source relationships.

Consistent with our expectations, dwarfed trees had slightly
lower concentrations of NSC reserves in branches during the
bud break (Figure 7C). However, during the growing season,
invigorated trees consumed a greater proportion of the NSC
reserves to support their vigorous growth (Figure 7C). Unfor-
tunately, we have no information on the NSC concentrations
and dynamics in the cambial zone, as destructive sampling in
the trunk region was avoided so as not to perturb tree growth
and dendrometer readings. Nevertheless, static measurements
of NSC concentrations in trunks would not be sufficient to
provide a definitive answer regarding the NSC reserve availability
for the cambial growth because a trunk NSC storage pool
appears to be divided into distinct components with contrasting
turnover times and specialized functional roles (Carbone et al.
2013). If the trunk growth of dwarfed trees was limited by
the low NSC reserves, the greatest differences in the growth
between dwarfed and invigorated trees would be expected in
spring before full canopy expansion, which was not the pattern
observed here (Figure 2C and D).

In conclusion, this study focused on the seasonal and daily
dynamics of the trunk radial growth, which is an aspect of
vegetative growth that has not been explored so far in the
context of rootstock-induced size-controlling mechanisms in
composite fruit trees. Our results support the important role of
tree water relations in the size-controlling mechanisms. Using
high-precision band dendrometers, we showed that the trunk
radial growth in both rootstock combinations was water-limited
and that dwarfed trees will likely experience greater water deficit
and lower turgidity in their cambial zone when compared with
invigorated trees. On the other hand, we found little evidence
that the reduced leaf gas exchange rates translate into lower
NSC reserves in dwarfed trees. We do not exclude the possibility
that other factors, such as hormonal signaling, perturbed nutri-
tional status or competition from reproductive tissues, further
shaped the vegetative growth of the studied trees. Moreover,
tree size by itself is an important factor potentially affecting
trees’ water and carbon balance (Meinzer et al. 2003, Furze
et al. 2019). Separating the physiological behavior related to
the different tree sizes from the direct effect of rootstock is
difficult. From this perspective, the size effect can be viewed as
an indirect (or extended) component of the rootstock-mediated
mechanism of growth vigor control that becomes compounded
over the tree’s lifetime. To truly separate the impacts of the
size-related traits from the proximate influence by the rootstock
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would require laborious comparisons of differences in plant
biomass and monitoring of physiological responses during trees’
lifespan or by studying contrasting scion/rootstock combinations
of different ages growing side-by-side. Clearly, the biological
mechanisms underlying the rootstock-induced control of growth
vigor are complex and require further investigations to identify
specific traits that can be targeted in the breeding and selection
of new size-controlling rootstock genotypes.
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* Background and Aims Understanding the mutual co-ordination of vegetative and reproductive growth is im-
portant in both agricultural and ecological settings. A competitive relationship between vegetative growth and
fruiting is often highlighted, resulting in an apparent trade-off between structural growth and fruit production.
However, our understanding of factors driving this relationship is limited.

* Methods We used four scions grafted onto a series of size-controlling rootstocks to evaluate the relationships
between the annual fruit yield and radial growth of trunks, branches and roots. To assess tree radial growth, we
measured ring widths on extracted tree cores, which is an approach not frequently used in a horticultural setting.
* Key Results We found that the yield and radial growth were negatively related when plotted in absolute terms
or as detrended and normalized indices. The relationship was stronger in low vigour trees, but only after the
age-related trend was removed. In contrast, when trunk radial growth was expressed as basal area increment, the
negative relationship disappeared, suggesting that the relationship between trunk radial growth and fruit yield
might not be a true trade-off related to the competition between the two sinks. The effect of low yield was associ-
ated with increased secondary growth not only in trunks but also in branches and roots. In trunks, we observed that
overcropping was associated with reduced secondary growth in a subsequent year, possibly due to the depletion

of reserves.

* Conclusions Our results show that variation in annual fruit yield due to tree ageing, weather cueing and in-
herent alternate bearing behaviour is reflected in the magnitude of secondary growth of fruit trees. We found little
support for the competition/architecture theory of rootstock-induced growth vigour control. More broadly, our
study aimed at bridging the gap between forest ecology and horticulture.

Key words: Apple, pear, Malus x domestica, Pyrus communis, growth, reproduction, rootstock, trade-off, tree

ring, yield.

INTRODUCTION

Growth and reproduction are key components of plant fitness
and performance. Identifying factors that drive these two pro-
cesses and understanding their mutual interactions is therefore
of paramount importance in both ecological and agricultural
contexts. The trade-off relationship between vegetative growth
and reproduction has often been highlighted, considering them
as two sinks competing for a finite amount of assimilated
carbon and nutrients (Sala et al., 2012). However, reproduction
also depends positively on vegetative growth because vegeta-
tive structures are necessary to acquire and transport resources
from the environment and to provide structural scaffolds that
display leaves, flowers and fruits (Lauri et al., 2010; Lehnebach
et al., 2018). In this regard, the evolution of secondary growth
has been important as mechanically strong wood enables the
development of large plant bodies, thereby granting trees an
advantage in competition for light, nutrient and water, and al-
lowing them to carry ample and heavy fruit loads (Spicer and
Groover, 2010; Poorter et al., 2012).

In forest ecology, the vegetative-reproductive trade-off has
been mostly studied by exploring the covariation between ring

width and a measure of fruiting. Due to the large size and in-
accessibility of forest trees canopies, fruiting is usually ex-
pressed on a semi-quantitative nominal scale, e.g. as a seed
index or an estimated number of fruits or cones (Koenig et al.,
1996; Monks and Kelly, 2006; Hacket-Pain et al., 2018). In
addition, fruit production is often not directly referenced to an
individual tree but is instead representative for an entire local
population (Koenig et al., 1996). Many studies report a nega-
tive effect of fruiting on secondary growth; however, the char-
acter and strength of this relationship is variable. While some
studies showed a clear negative correlation between trunk ra-
dial growth and fruiting output (Hacket-Pain et al., 2017), other
studies found no such correlation or found that the reduction
of growth was restricted only to mast years (Drobyshev et al.,
2010; Zywiec and Zielonka, 2013). Furthermore, the rela-
tionship is often complicated by complex delayed effects and
interactions with environmental cues (Hacket-Pain et al., 2018;
Mund et al., 2020). For instance, in European beech (Fagus
sylvatica L.), the reduction of growth was greatest during mast
years that coincided with summer drought (Hacket-Pain ef al.,
2017). Similarly, Mund et al. (2020) found that radial growth
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of beech was responsive to spring temperature and precipitation
as well as to the amount of fruits, highlighting that a complex
system of sink—source limitations governs tree growth.

The horticultural literature provides a complementary
view on the interplay between vegetative growth and fruiting.
Studies reporting a close proportionality between vegetative
and reproductive biomass provide evidence for a resource allo-
cation trade-off. For instance, the construction costs of peren-
nial woody tissues during ‘off” years corresponded to 64 % of
the construction costs of fruits during ‘on’ years, while stored
carbohydrate reserves accumulated during ‘off’ years ac-
counted for only 8 % of fruiting costs (Stevenson and Shackel,
1998). Similarly, in two olive cultivars subjected to deflowering,
Rosati ef al. (2018b) observed a tight negative relationship be-
tween the dry matter of vegetative and reproductive structures,
while the total biomass increment was not altered in response
to fruit removal treatments.

In their seminal review, Forshey and Elfving (1989) state:
‘When reduced to the simplest terms, the ultimate objective
of all pomological practices is really the manipulation of the
vegetative growth—fruiting relationship’. Thus, the main aim in
horticulture is to shift the allocation of carbohydrates and min-
erals towards fruits. In contrast, excessive vegetative growth
is undesirable as it competes with fruits for resources, limits
planting densities and makes tree management and harvesting
more labour intensive. The yield efficiency or harvest index
are commonly used measures in agriculture and, in the case of
crops grown for their fruits or seeds, a representation of the al-
location to fruits relative to total biomass (Hay, 1995; Sinclair,
1998). For the improvement of the harvest index in fruit crops,
selection of an appropriate cultivar and efficient tree pruning
and training practices are desirable. Besides that, the introduc-
tion of size-controlling rootstocks has arguably been one of the
major innovations that contributed to the development of high
efficiency fruit orchards as dwarfing rootstocks increase yield
efficiency per tree, per hectare as well as over time by a faster
planting turnover (Atkinson and Else, 2003).

In trees on size-controlling rootstocks, both the total dry
matter production and its partitioning between fruit and wood
are altered (Webster, 1995). The biological mechanisms of
growth vigour control are multifaceted, and several theories
grounded on the perturbations of water, nutrient, hormonal and
carbon balance have been proposed (Basile and DeJong, 2018).
However, none of the theories has been conclusively supported
to date. According to one of these theories, the so-called com-
petition/architecture theory, it is possible that the precocity of
cropping, which is a common feature in dwarfing trees, diverts
resources from vegetative to reproductive structures and causes
architectural changes that further perpetuate the reduction of
vegetative growth (Basile and DeJong, 2018). The preferential
allocation of resources to fruits implies that they are sinks of
a high strength. This is consistent with the generally assumed
hierarchy of sinks which have been ranked as follows: seed/
fruits > vegetative growth > storage (Wardlaw, 1990; Fischer
et al., 2013). However, this view might be too simplistic, and
it has been suggested that both the transition from source to
sink limitation and the strength of the potentially competing
sinks can change during the growing season (Lauri et al., 2010;
Mund et al., 2020).

While horticultural studies are often focused on the
co-ordination of primary growth and fruiting during one or a
few seasons (Rosati et al., 2018a, b), forest ecology contrib-
utes to our understanding of secondary growth and reproduc-
tion at larger spatial-temporal scales (Drobyshev et al., 2010;
Hacket-Pain et al., 2015, 2018). Drawing inspiration from
the forest ecology literature and a rare horticultural study by
Stevenson and Shackel (1998), we performed the measure-
ments of tree ring width in composite apple and pear trees
of contrasting growth vigour and bearing behaviour. Using
four different scions grafted onto a series of size-controlling
rootstocks, we assessed the relationship between annual fruit
yield and secondary growth of trunks. We expected to find
a negative covariation between fruit production and radial
trunk growth and we hypothesized that the trade-off would be
stronger in low vigour trees because fruits have higher sink
strength. For a subset of four scion—rootstock combinations
(SRCs), we also looked at the radial growth of coarse woody
roots and scaffold branches. More pronounced trade-offs were
expected with branches due to their closer proximity to the
fruit sinks (Obeso, 1997).

MATERIALS AND METHODS

Plant material

Twelve different SRCs were used in this study. These SRCs
were selected to cover a gradient of growth vigour and sus-
ceptibility to alternate bearing. A more detailed description of
the field trial and the rationale for the selection of the specific
SRCs can be found in Jupa et al. (2021). The trees included
two varieties of Malus x domestica Borkh. (‘Rubin’; abbrevi-
ated as R and ‘Jonagold’; abbreviated as J) and two varieties of
Pyrus communis L. (‘Williams’; abbreviated as W and ‘General
Leclerc’; abbreviated as GL) grafted onto eight different size-
controlling rootstocks: J-TE-G, M.9, J-TE-H and MM.106 for
M. x domestica, and S1, MA, MC, and peer seedling (abbrevi-
ated as PS) for P. communis. The growth vigour categories (low,
medium and high) for each SRC are described in Table 1.

The trees were grown at the experimental plots of the
Research and Breeding Institute of Pomology in Holovousy,
Czech Republic (50°37'N, 15°57’E; 283 m a.s.l.). The site
is on a loamy brown soil with a medium fertility and experi-
ences a temperate climate with a mean annual temperature of
8.4 °C and mean annual precipitation of 664 mm. The trees
were propagated in a nursery and planted in the field in 1990 (P.
communis) and 1992 (M. x domestica) when they were 4 years
old. The trees were planted at a spacing of 4.5 x 2.3 m and
5.0 x 3.0 m for M. x domestica and P. communis, respectively,
and trained as freely growing hedgerows with a short (70 cm)
stem height with the tip of the central leader being removed in
the fifth year. Fertilization was applied twice a year (in April
during spring flush and in June during fruit drop) and consisted
of 256 kg ha™! 1:1:1 NPK fertilizer for each application. Plant
protection followed standard integrated pest management prac-
tices. The trees received no supplemental irrigation. They were
winter pruned each year, but no hand or chemical thinning of
the fruits was carried out.
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TABLE 1. Growth and yield characteristics of individual scion—rootstock combinations (SRCs)

SRC Vigour TCSA,,, Cumulative yield Mean annual Cumulative yield efficiency ~ Mean flowering Yield AC-1
category  (cm?) (1992-2011) (kg pe tree)  yield (kg per tree)  (1992-2011) (kg cm™2) intensity (0-9 scale) CV YI

JAOTEG* Low 78.1 396.3 20.9 5.08 6 0.739 -0.528
J/M9 Medium  167.1 590.4 31.1 353 5.6 0.706  -0.446
J/IJTEH* High 249.1 581.4 30.6 2.33 52 0.716  -0.368
RATEG Low 95.6 501.9 26.4 5.25 6.8 0579 -0.07

R/M9 Medium  193.8 595.6 31.3 3.07 6.3 0.647  -0.041
R/ATEH High 254.7 538.2 28.3 2.11 6 0.703  -0.112
R/MM106 High 331.3 469.6 24.7 1.42 5.7 0.788  -0.103
WI/S1* Low 110.1 515.5 25.8 4.68 59 0.795  -0.144
W/MA Medim 143.6 577.0 28.9 4.02 5.6 0.765 -0.362
W/PS* High 200 605.5 30.3 3.03 53 0.819  -0.098
GL/MA Medium  224.1 439.1 22 1.96 4.6 1.035  -0.653
GL/MC Medium  216.3 413.6 20.7 1.91 4.6 1.041 -0.523

Abbreviations: AC—1 Y1, yield index time series lag—1 autocorrelation; TCSA

(interannual).

20117

trunk cross-sectional area in 2011; yield CV, yield coefficient of variation

SRCs for which branch and root samples were measured for ring widths are denoted with an asterisk.

Annual fruit yield, flowering intensity and trunk cross-sectional
area measurements

All trees in the field trials were assessed for fruit yield,
flowering intensity and trunk growth. Fruit yield (kg per tree)
was measured annually from 1992 (1993) to 2011 using a port-
able balance with a 0.1 kg precision. The flowering intensity
was rated in 1999-2011 at a semi-quantitative scale from 1 to 9
(1 = no flowers, 9 = all shoots covered by mixed buds). Trunk
cross-sectional area (TCSA; cm?) was measured from 1996 to
2011 with a 1-4 year periodicity. Some of the data were previ-
ously reported as a part of a standard horticultural assessment
(Kosina, 2010; Mészaros et al., 2013). Thus, we took the pub-
lished data, complemented them with additional unpublished
data and produced a mean chronology of annual yield spanning
a period of 17 years (1993-2011). The SRC-level chronologies
are based on 5-8 individual trees for each SRC. We used the
mean SRC-level chronologies instead of tree-level chronolo-
gies because individual tree yields were not consistently de-
termined. In addition to annual yield, we also accessed data on
the flowering intensity and TCSA obtained during the field trial
assessment.

Ring width measurements in trunks

Measurements of tree-ring widths were used as estimates of
annual trunk radial growth. Trunk cores were taken from 3—4
individual trees for each of the 12 selected SRCs. We originally
aimed to take cores from at least five trees per SRC; however,
during coring we found out that some trunks had internal decay.
This is also the reason why only two trees were cored in the case
of J/JTEH. From each tree, we took 2—4 cores perpendicular
to each other, resulting in 5-14 individual measurements for
each SRC (Supplementary data Table S1). The cores were ex-
tracted from the trunk at the height of 40 cm above the root

collar. This position was well above the graft union and well
below the first branching point to minimize potential irregu-
larities in ring growth due to graft-related swelling or branch
insertion. The cores were air-dried, glued to a wooden support
and gradually sanded until all tree rings were clearly observ-
able under a stereoscope. The tree rings were counted and their
widths were measured with a 0.01 mm accuracy using the den-
drochronological TimeTable measuring device connected with
the PAST4 software (VIAS, 2005). The increment curves from
each tree were cross-dated using the skeleton plot technique
and graphical and statistical tools in PAST4 to identify and cor-
rect possible false or missing rings. The cross-dating accuracy
was checked using Cofecha (Holmes, 1994). Mean ring width
chronology for each SRC was then calculated by averaging the
measurements from all individual trees and cores.

Ring width measurements in branches and roots

Ring width measurements were also conducted in the scaf-
fold branches and large first-order roots to evaluate if annual
growth patterns are consistent across other woody parts. These
destructive and labour-intense measurements were restricted
to four SRCs (JJITEG, J/JJTEH, W/S1 and W/PS). For each
of these SRCs, three trees were cut down and their scaffold
branches were separated from the trunk with a chain saw. Tree
stumps including the adjacent portions of roots were exca-
vated to a distance of 1-1.5 m from the trunk and to a depth of
0.5-1 m using a mechanical digging machine. Discs from the
basal portion of scaffold branches and coarse first-order roots
were then cut using a 240 mm high quality folding saw. Two
to three discs were taken from each harvested tree, resulting in
8-9 individual measurements for each SRC and organ combin-
ation. The discs were air dried and gradually sanded for ring
width measurements. The tree ring width measurements and
cross-dating followed the procedure described for trunks. Three
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to five measurements were performed on each disc. Each meas-
urement was cross-dated against others from the same disc, and
the final increment curve was obtained by averaging of all cor-
rected measurements per disc. The ring width data were pro-
cessed as described for trunks, except that they were truncated
to a common period of 2000-2011 due to the lower age of the
branches and roots compared with the trunks.

Processing of the ring width and annual yield chronologies

The raw ring width and yield chronologies were truncated
to 1995-2011 to match each other and to exclude the period
of tree establishment after planting. Both types of chronolo-
gies exhibited a strong age-related trend. To emphasize the
interannual patterns, the low frequency variation was removed
by fitting a 7 year cubic spline with a frequency cut-off of 0.5.
Standardized yield indices (YIs) and ring width indices (RWIs)
were then calculated by dividing the raw ring width and yield
data by the fitted spline (Hacket-Pain et al., 2017). Raw ring
width measurements were also converted to the basal area in-
crements (BAI) using the following formula:

BAL =7 (r} — 1)),

where r is the radius of the tree in year ¢ (Hacket-Pain et
al., 2019). Thus, we obtained three measures of tree’s radial
growth: (1) raw ring width exhibiting a strong age-related
trend; (2) BAI that accounts for the geometric effect of an
increasing circumference of cambium as the trees grew larger;
and (3) RWI highlighting a high frequency variation. The pro-
cessing of chronologies was done using the dpIR package in R
(Bunn, 2008).

Climate data

Climate data for 1995-2011 were obtained from the wea-
ther station run by the Czech Hydrometeorological Institute at
Holovousy located within 500 m of our experimental site. The
data can be accessed at https://bit.ly/3qF6jcQ. To evaluate the
potential environmental drivers of interannual yield variation,
we analysed monthly mean air temperatures and monthly pre-
cipitation sums across years. We also extracted information on
the occurrence of the last spring frost event. In addition to the
date of the last frost and the minimum recorded temperature,
we calculated cumulative growing degree days (cum GDD) on
the day of the last frost as a proxy for the vegetation phen-
ology advancement. To calculate the cum GDD, the heat sum
was accumulated from 1 January and the standard temperature
threshold of 5 °C was used (Vitasse et al., 2018).

Data analysis

When tree-level data were available, correlation between
trees/cores (RBAR), expressed population signal (EPS) and
signal-to-noise ratio (SNR) was calculated within each SRC.
The synchrony of YI and RWI chronologies among indi-
vidual SRCs was evaluated using mean interseries correlation.

Interannual variability of YI and RWI for each SRC was as-
sessed using the coefficient of variation (CV). We classified the
years as low or high yield years if the YI fell below or surpassed
the long-term mean by 1 s.d. (LaMontagne and Boutin, 2009;
Hacket-Pain et al., 2017). The trade-off between yield and ra-
dial trunk growth was initially assessed using the Pearson's
product—-moment correlation. The relationship was evaluated as
either yield vs. ring width, yield vs. BAI or YI vs. RWI. To test
if tree vigour affects the relationship between reproductive and
vegetative growth, we constructed linear models and analysed
the model coefficients. First, ring widths (or RWIs) were mod-
elled as a function of yield (or YI) and individual SRC vigour
(categorical factor with three levels: low, medium and high)
and corresponding interaction terms. Second, we modelled ring
width (BAI or RWI) as a function of yield (or YI) separately
for each SRC. “Slope’ coefficients and R? of these relationships
were compared and correlated with TCSA measurements. The
‘Slope’ coefficient reflects the steepness of the relationship,
while R? corresponds to the tightness of the relationship.

RESULTS

Variation in fruit yield

The trees started to bear fruits already in the first years after
they were transplanted from the nursery. Overall, annual yield
increased until the trees reached their full bearing capacity
in around 2000 (i.e. 7 years after transplanting). Besides the
age-related trends, yield data also showed high year to year
variability and SRC-specific patterns (Fig. 1A-D). ‘General
Leclerc’ and ‘Jonagold’ scions had a strong tendency for al-
ternate bearing with a fairly regular biennial periodicity as in-
dicated by a negative lag—1 autocorrelation, “Williams’ scions
exhibited slightly less regular bearing cycles, while ‘Rubin’
showed the most regular bearing (see AC—1 in Table 1). Within
the same scion cultivar, trees grafted on the rootstocks inducing
low vigour had lower interannual variability in yields compared
with medium and high vigour trees (Table 1).

Despite the high interannual variability and SRC-specific
patterns, the mean SRC-level chronologies of YI were highly
synchronized with each other (Fig. 1E-H; mean interseries
correlation = 0.75). During the studied period (1995-2011),
approximately a third of YI data points fell outside the
mean + s.d. threshold indicating substantially low or high YI
(Fig. 1E-H). The years 1996, 2000, 2008 and 2009 were iden-
tified as high yield years, with the year 2009 being particularly
distinct. In contrast, the years 1995, 2002, 2007 and 2011 were
low yield years, with the yield in 2011 being close to zero in
almost all studied SRCs. Across years (1999-2011), the yield
was positively correlated with the flowering intensity (R = 0.56,
P <0.047, Supplementary data Fig. S1).

Micrometeorological conditions associated with low and
high yield

Considering the relatively short length of our time series
and the strong endogenous periodicity of annual yields,
we focused our analysis of potential micrometeorological
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FiG. 1. Chronologies of annual fruit yield parameters in 12 scion—rootstock combinations (SRCs) of Malus x domestica and Pyrus communis with contrasting

growth vigour. (A-D) Mean chronologies of annual yield (solid lines) are shown together with the long-term trend fitted to each chronology using the 7 year cubic

spline (dashed lines). (E-H) Mean chronologies of standardized yield indices (YIs) are plotted. Horizontal solid and dotted lines correspond to the mean and s.d.,
respectively (averaged across SRCs within each scion). Years with standardized indices above or below this threshold are highlighted as filled points.

drivers of fruit yield variation on the years with particularly
high or low yields and utilized the existing knowledge of
factors commonly affecting fruit yields. We found that the
year 2009, when yield was particularly high, was charac-
terized by a warm and dry April (Fig. 2A, B). Low yields
were associated with the occurrence of late spring frost in
at least some of the years (Fig. 2C, D). In our conditions,
M. x domestica typically starts flowering between 18 and 29
April (Blazek and Pistékova, 2017), while in P. communis,
full bloom starts approx. 1-2 weeks earlier (KoZnarova et
al., 2011). Daily minimal temperatures below 0 °C were re-
corded on 15 May 1995 and 4 May 2011. Frost damage was
also a likely cause of low yield in 2007 due to a frost event
on 21 April in combination with an advanced spring phen-
ology (cum GDD > 200).

Variation in radial growth of trunks, branches and roots

Standard descriptive statistics confirmed that the ring width
chronologies of trunks met the general standards for den-
drochronological analysis, with strong and common signals
prevailing over the individual signal from each core as demon-
strated by RBAR and EPS values (Supplementary data Table S1).
Correlation between the individual chronologies within each
SRC were moderate to high (mean RBAR = 0.628). The mean
EPS was 0.882 and the mean SNR was 14.36. The ring width
chronologies showed a strong age-related trend, with the widths
decreasing as the trees became older (Fig. 3A-D). The differ-
ences in ring widths between low and high vigour trees were
more pronounced during the early years of growth. Interannual
CV was higher in low vigour trees at least in M. x domestica
(Table 1). Based on the mean + s.d. threshold, years 1997, 2001,
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FiG. 2. Micrometeorological characteristics in years with exceptionally high and low annual yields. (A, B) Monthly mean temperature and mean precipitation in

years 1995-2011 (grey lines) and the long-term (1995-2011) mean (dashed line). High yield year 2009 is highlighted by a solid black line and shows that this year

was characterized by a warm and dry April. (C) The incidence of late spring frost in the second half of May was detected in years 2007 and 2011 when the annual

yields were low. All individual years 1995-2011 are plotted as grey lines; years 2007 and 2011 are highlighted in black. The dotted horizontal line corresponds to

the freezing point at 0 °C. (D) High values of cumulative growing degree days (cum GDD) at the date of the last frost were observed in three (i.e. 1995, 2007 and
2011) out of the four years that were classified as the low yield years. Horizontal dashed lines correspond to mean + s.d.

2007 and 2011 were classified as high growth years, while in
years 1998, 2000, 2008, 2009 and 2010 the trunk radial incre-
ments were low (Fig. 3E-H). The mean RWI chronologies were
synchronized across SRCs except for both ‘General Leclerc’
chronologies. After excluding them, the mean interseries correl-
ation for the remaining ten chronologies was 0.70.

The radial growth patterns of trunks were broadly coherent
with those observed in branches and roots (Fig. 4; Supplementary
data Fig. S2). For instance, corresponding RWI peaks in low
yield years 2007 and 2011 were apparent particularly in the
branches of ‘Williams’, to a lesser extent in the branches of
‘Jonagold’, and also in some individual root chronologies (Fig.
4). Nevertheless, the ring width measurements for branches and
roots were quite variable, and the dendrochronological statistics
indicated they did not meet the common standards for a reliable
chronology reconstruction (Supplementary data Table S2).

Trade-off between fruit yield and trunk radial growth

Across all SRCs and years, fruit yield was negatively correl-
ated with trunk radial growth, whether evaluated either as yield

vs. ring width (R =-0.48, P < 10, Table 2) or as YI vs. RWI
(R=-0.64, P < 10, Table 2). The correlation between yield
vs. BAI was non-significant (P = 0.602, Table 2). The relation-
ship between reproductive and vegetative growth was affected
by tree vigour (Fig. 5; Table 2). For yield vs. ring width and
yield vs. BAI relationships, the vigour categories had different
intercepts (Fig. SA, B; Supplementary data Fig. S3). For the
YI vs. RWI relationship, the regression slope (‘Slope’) was
steeper for low vigour trees, suggesting that a unit change in
YI was associated with a greater relative change in RWI in
these trees (Fig. 5C). Across SRCs, growth vigour assessed as
TCSA in 2011 was closely correlated with both ‘Slope’ and R?
(Fig. 6; Supplementary data Fig. S4). In all SRCs except for
R/ATEG, ‘Slope’ was higher (i.e. less negative) than —1 (Fig.
6A), indicating that a unit change in YI generated a relatively
smaller change in RWI. The YI and RWI values obtained during
the years with exceptionally low and high yields had large ef-
fects on the overall shape of the trade-off relationship (Fig. 7).
In 2009, which was a year with an exceptionally high yield, the
two trees of ‘General Leclerc’ had average RWI values des-
pite having very high YI (Fig. 7A). In the following year 2010,
most SRCs showed substantially lower RWI than expected
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F1G. 3. Chronologies of trunk radial growth parameters in 12 scion-rootstock combinations (SRCs) of Malus x domestica and Pyrus communis with contrasting

growth vigour. The facets are arranged vertically by scions. (A—D) Mean chronologies of ring width (solid lines) are shown together with the long-term trend

fitted to each chronology using the 7 year cubic spline (dashed lines). (E-H) Mean chronologies of standardized ring width indices (RWIs) are plotted. Horizontal

solid and dotted lines correspond to mean and s.d. (averaged across SRCs within each scion). Years with standardized indices above or below this threshold are
highlighted as filled points.

considering their current YI, suggesting a lagged effect of
overcropping on radial trunk growth (Fig. 7B). In 2011, when
all SRCs had very low yields, RWI values were highest in R/
JTEG and R/M9, while J/JTEH, GL/MA and GL/MC showed
RWI close to the average of 1 (Fig. 7C).

DISCUSSION

In this study, we tested for a negative association between
fruit yield and trunk radial growth using four different scion
cultivars of apple and pear trees grafted onto a series of size-
controlling rootstocks. As we expected, yield and radial
growth were generally negatively related (Table 2; Figs 5 and
7; Supplementary data Figs S3 and S4). However, the param-
eters of these relationships and their interpretation differed

depending on the measure of radial growth (ring width, BAI
or RWI) and yield (annual yield or YI) used. More specif-
ically, the effect of sink competition became apparent only
after the age-related trend was removed by data detrending
and normalization. In contrast to the absolute values, RWI
and YT highlighted the interannual variability that was related
to the endogenous cycles of alternate bearing combined with
the variability caused by the extreme meteorological condi-
tions (Fig. 2). The effect of low yield was associated with
increased secondary growth not only in trunks but also in
branches and roots, although the ring width measurements
were more variable in these lateral woody organs (Fig. 4). In
trunks, overcropping was associated with reduced secondary
growth in the subsequent year, possibly due to the depletion
of reserves (Fig. 7).
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FIG. 4. Indiviudual chronologies (thin lines) and mean organ-level chronologies (thick lines) of standardized ring width indices (RWIs) in scaffold branches

(green) and main lateral roots (brown) of four scion—rootstock combinations of contrasting growth vigour (J/ITEG, J/JJTEH, W/S1 and W/PS). Mean chronologies

for trunks (black thick line) are shown for comparison. Vertical lines indicate pointer years corresponding to the 2007 and 2011 low yield years (dotted vertical
lines) and 2009 high yield year (dashed vertical line).

TABLE 2. Pearson’s product—-moment correlation coefficients

between various measures of yield and trunk radial growth cal-

culated across all measured scion—rootstock combinations and
within low, medium and high growth vigour categories

Correlated variables  All data Low vigour Medium vigour High vigour

Yield vs. ring width  —0.48 -0.74 -0.57 -0.56
Yield vs. BAI -0.037 -0.23 -0.3 0.02
YI vs. RWI -0.64 -0.85 -0.61 -0.61

Significant correlations are highlighted in bold.

The yield chronologies showed large interannual variation
(Table 1; Fig. 1) that arose for several reasons. The first layer
of variation in yield was an age-related trend, with gradual

increases in yield as trees approached their full bearing cap-
acity. The second layer of variation was expressed as an alter-
nate bearing behaviour. The exact nature of this endogenous
cycling was scion specific, with some scions or scion/root-
stock combinations being more susceptible than others (Table
1; see also Mészaros et al., 2019). The correlation between
yield and flower intensity (Supplementary data Fig. S1) in-
dicated that it was the reduction in flower initiation, rather
than the variation in fruit set and fruit growth, that was the
basis of alternation as is typical in apple trees (Krasniqi et al.,
2017). The third layer of yield variation that we explored in
this study represents the occurrence of extreme years during
which the yield was extraordinarily low or high. We attributed
the incidence of such years to meteorological cues. The low
yield years were associated with the occurrence of late spring
frost (Fig. 2C, D), a condition that presents a major threat
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to horticultural production in the temperate regions (Rodrigo,
2000). In contrast, the extraordinarily high yield in 2009 was
probably related to warm and dry April weather (Fig. 2A, B),
which is favourable for pollination and fertilization. Similar
patterns, indicating that a warm and dry spring promotes
ample fruiting, have been reported for wind-pollinated oaks
(Koenig et al., 1996).
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Fi1G. 6. Correlation between tree growth vigour assessed as trunk cross-sectional
area in 2011 (TCSA, ) and (A) the slope coefficient (Slope) or (B) the coeffi-
cient of determination (R,) of the linear regressions between YI and RWI fitted
to each scion—rootstock combination (SRC). The data points are labelled by
scion/rootstock identity and colour coded for vigour category. The solid lines
represent linear fits; the shaded areas correspond to 95 % confidence intervals.

Like yield chronologies, tree ring chronologies also showed
high interannual variation and strong age-related trends (Fig.
3). When ring width and annual yield values were plotted, the
regression lines for low, medium and high vigour trees were
all negative and parallel with each other (Fig. 5A). These rela-
tionships were dominated by age-related trends and reflected
the co-ordination of vegetative and reproductive growth as trees
age (Forshey and Elfving, 1989; Costes and Guédon, 2012).
The widest rings were produced at young ages because trees
first established a sufficient vegetative scaffold to bear and sup-
port fruits. The differences in growth vigour between the trees
on different size-controlling rootstocks were apparent in their
different intercepts, while the slopes were similar (Fig. SA).
This suggests that the developmental co-ordination of vegeta-
tive and reproductive growth was not affected by the overall
growth vigour, as sometimes may happen during the tree on-
togeny (Mészaros et al., 2015). When BAI values were used as
a measure of trunk radial growth, the relationships with annual
yield appeared as flat lines with minimal slopes (particularly for
the high vigour trees). In other words, the BAIs were constant or
slowly declining throughout a tree’s ontogeny. Compared with
ring width, BAI should be more representative of the total bio-
mass investment into the trunk growth. The fact that BAIs were
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constant or declined only slowly with tree age suggests that the
negative relationship between ring width and yield might not be
a true trade-off related to the competition for resources between
the two sinks. The observed pattern also suggests that it was the
rate of cambial division and/or cell expansion (which affects
the number of radial files or the size of the cells) rather than the
total cambial production (which affects the overall area/volume
of wood produced) that was changed throughout tree ontogeny.

This might be indicative of hormonal signalling between repro-
ductive and vegetative organs.

The development of vegetative and generative organs is a
very complex process that involves mutual interaction of various
hormones, peptides and other growth regulators. Auxins, cyto-
kinins and gibberellins are currently understood as the foremost
hormones involved in the endogenous regulation of cambial ac-
tivity and subsequent expansion and differentiation of cambial
derivatives (Milhinhos and Miguel, 2013; Fischer et al., 2019).
Other participating hormones, such as abscisic acid (ABA) and
ethylene, and their mutual interactions, typically facilitate the
developmental responses of vascular tissue to exogenous cues
(Liu et al., 2005). All these hormones, and several others, also
contribute to fruit development, and their involvement and mu-
tual interactions change during tree ontogeny (Campos-Rivero
et al., 2017; Fenn and Giovannoni, 2021; Kou et al., 2021).
Specifically, auxin—gibberellin interference appears to be crit-
ical during the fruit set and initial development of fruits, while
ethylene—~ABA cross-talk orchestrates later maturation phases
and is decisive for the ripening of climacteric fruits such as ap-
ples and pears (Fenn and Giovannoni, 2021; Kou ef al., 2021).
Thus, auxin—gibberellin and ethylene—ABA interactions would
be the most promising candidates for the key signalling mech-
anisms involved in the co-ordination of vegetative and repro-
ductive growth. Future research could therefore utilize mutants
in hormone synthesis and signalling pathways or involve con-
ducting manipulative experiments with exogenous hormone
application to shed more light on the mutual co-ordination of
fruiting and secondary growth.

In forest ecology literature, the normalized and detrended
values of ring width (RWI) are the most commonly used meas-
ures of trunk radial growth (e.g. Zywiec and Zielonka, 2013;
Hacket-Pain et al., 2017). When we plotted YI and RWI values
against each other, low vigour trees had a significantly higher
slope than the other two vigour classes (Fig. 5C). The relation-
ships were tighter and stronger than those reported from forest
ecology literature. The amount of variation explained by YI
was 41 %, which is substantially higher than in European beech
(Hacket-Pain er al., 2017) or Norway spruce (Hacket-Pain et
al., 2019). Across the 12 SRCs, there was a close correlation
between tree vigour expressed as TCSA and both ‘Slope’” and
R? of the YI to RWI relationship (Fig. 6). This result agrees
with our expectations and suggests that the negative coupling
between vegetative and reproductive growth was stronger and
tighter in trees on the dwarfing rootstocks. Fruit represents a
stronger sink in dwarfed trees compared with invigorated trees,
as also indicated by their higher yield efficiencies (Table 1I;
Massai et al., 2008). If the fruit sinks are missing due to the
crop failure (e.g. due to frost damage), then resources could
be diverted to wood growth. The analysis of YI and RWI rela-
tionships also revealed a potential carry-over effect from 2009
to 2010 (Fig. 7). It is likely that overcropping in 2009 depleted
reserves of trees, leading to lower trunk radial growth in the fol-
lowing year. Alternatively, it is possible that other factors such
as drought negatively affected trunk radial growth beyond the
effect of cropping (Jupa et al., 2022).

To test if wood growth also responds to yield variation in
woody organs other than trunks, we measured ring widths in
coarse woody branches and roots. In theory, the response to
heavy fruiting should be greatest in branches because they
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are closer to strong fruit sinks and are considered to be ra-
ther autonomous with regards to their carbon needs (Sprugel
et al., 1991; Obeso, 1997). Reduction in growth could also
be expected in the radial growth of woody roots as those or-
gans are involved in storage, which has been ranked as a sink
with low priority (Wardlaw, 1990). In branches and roots, we
found high RWI in the low yield years 2007 and 2011 (Fig.
4; Supplementary data Fig. S2). This result would again point
to the competition between fruit and wood growth and to the
fact that this competition occurs in all perennial woody organs
of the tree. In contrast to crop failure, overcropping in 2009
was not associated with a particularly strong reduction in sec-
ondary growth (Fig. 4). Thus, it seems that secondary growth
was maintained in those organs to support fruits with water
and nutrients. However, these conclusions should be viewed
with caution considering the great variability of the ring width
chronologies among the individual branches and roots (Fig. 4;
Supplementary data Table S2). The greater variability is likely
to be associated with the different architectural position and
mechanical loading of the branches, variable environmental
conditions within the canopy, and the effect of pruning or the
alternations in bearing among branches (Forshey and Elfving,
1989; Negron et al., 2014a, b).

The results of this study are also relevant for our under-
standing of rootstock-induced size-controlling mechanisms.
It has been proposed that the perturbation of competition for
carbon between vegetative and reproductive organs could be
one mechanism contributing to the size-controlling mechanism
of rootstocks (Basile and DeJong, 2018). Dwarfing rootstocks
are known to exhibit precocious bearing (Webster, 1995; Knibel
et al., 2015). Because fruits are strong sinks, the resources are
preferentially diverted to fruits, which results in decreased
overall vegetative growth which can be further perpetuated by
associated changes in tree architecture, e.g. reduced number of
axes per tree, more spurs per shoot length or higher floral bud
density (Costes and Garcia-Villanueva, 2007; Seleznyova et
al., 2008). Trees on dwarfing rootstocks have also been shown
to accumulate relatively more biomass compared with their
counterparts grown on invigorated rootstocks following fruit or
flower bud removal treatments (Avery, 1970). In our trees, we
did not observe differences in the precocity of cropping among
trees on different rootstocks (Fig. 1). The cumulative fruit pro-
duction was higher in high vigour trees due to their greater size,
but the yield efficiency was greater in low vigour trees (Table
1). The developmental co-ordination of vegetative and repro-
ductive growth was similar across vigour classes (Fig. 5A, B).
We found that high fruit crop was associated with a greater re-
duction in trunk radial growth in low vigour trees; however,
this reduction was compensated by the increased growth during
low crop years (Fig. 5C). Taken together, our results indicate
that fruits are generally stronger sinks in low vigour trees but
the relative partitioning between fruit and trunk growth remains
constant over the tree’s lifetime, possibly because co-ordinated
changes in canopy size and/or photosynthetic performance
modulate resource availability to match growth demands.
The mechanistic basis of the greater sink strength of fruits on
dwarfing rootstocks remains to be elucidated.

Our study provides an unconventional perspective on the
relationship between the reproductive and vegetative growth
in commercially important fruit trees and bridges the gap be-
tween forest ecology and horticultural literature. The smaller
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tree stature and easier accessibility of fruits in horticultural
plantings allowed for a more precise assessment of fruit output.
We demonstrated that the use of tree ring chronologies is feas-
ible in fruit trees and provides useful insights into the long-term
growth dynamics and developmental co-ordination of vegeta-
tive and reproductive growth. On the other hand, our chron-
ologies were relatively short compared with the time series
commonly collected from the forest trees, which made, for
example, correlations with climate variables difficult. In future
studies, it would be interesting to count and weigh fruits at the
individual tree level, to evaluate the developmental step that
limits the final fruit crop (e.g. if it is determined at the stage
of flower initiation, fruit set or fruit growth) and to monitor the
canopy size and architecture as trees grow older. In addition,
it would be advisable to perform experimental manipulations
such as defruiting, defoliation, girdling or application of growth
regulators, and to utilize various cultivars and mutants of
known genetic background to provide a more detailed assess-
ment of physiological mechanisms of growth co-ordination and
sink—source relationships. We hope that our study will stimu-
late further cross-fertilization of ideas and approaches between
horticulture and forest ecology as also advocated for in a recent
commentary by Ryan et al. (2018) and demonstrated in a recent
study by Garcia et al. (2021).

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: ring width
chronology statistics for individual scion-rootstock combin-
ations. Table S2: ring width chronology statistics for branches,
roots and trunks in four selected scion-rootstock combinations.
Figure S1: correlation between flowering intensity and mean
annual fruit yield avearged across all scion-rootsock combin-
ations. Figure S2: correlations of ring width indices among
trunk, scaffold branches and roots. Figure S3: relationships
between yield and basal area increment fitted individually for
each scion-rootstock combination. Figure S4: relationships be-
tween YI and RWTI fitted individually for each scion-rootstock
combination.
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Abstract

Size-controlling rootstocks have been one of the major innovations facilitating high-efficiency fruit production; however,
biological mechanisms responsible for their size-controlling effect remain unclear. In this study we investigated if apple and
pear trees grafted on dwarfing and invigorating rootstocks differ in the size and dynamics of non-structural carbohydrate
(NSC) storage pools. Seasonal dynamics in NSC concentrations were assessed in current-year shoots, coarse roots, trunks,
and leaves. These measurements were then upscaled to whole-organ and whole-tree NSC pools and mutually compared.
Because of the small variation in the relative biomass partitioning and generally similar organ-level NSC concentrations, the
size of the NSC pools scaled tightly with the overall tree biomass with vigorous trees having greater absolute storage pools
compared to dwarfing trees. The magnitudes of the seasonal fluctuation in NSC pools (i.e., November to May difference)
were in the range from 0.55 to 3.93 kg per tree and 20 to 50 g per kg of tree’s dry weight. In absolute terms, the seasonal
fluctuations in NSC pools were higher in vigorously growing trees but in relative terms and also when scaled by the tree’s
biomass the differences between the low and high vigor trees became negligible, suggesting that the low and high vigor trees
rely on their NSC reserves to a similar extent during their annual growth cycle. Thus, our results provide no support that the

observed differences in growth vigor are driven by the availability of C-reserves.

Keywords Fruit trees - Reserves - Seasonal dynamics - Starch - Storage pools - Sugars - Wood

Introduction

The use of size-controlling rootstocks is one of the major
innovations in modern horticulture contributing greatly
to the increased efficiency of fruit production (Atkinson
and Else 2003). While the exact biological mechanisms
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responsible for the size-controlling effect remain unclear,
one hypothesis asserts that the dwarfing phenomena of some
rootstocks might be related to their lower ability to store
and/or mobilize carbohydrates (Basile and DeJong 2018).
However, this potential mechanism of vigor control has not
been extensively studied and is largely based on indirect
evidence related to the differential growth seasonality, root
anatomy, and stomatal conductance of dwarfing compared to
invigorating rootstocks (Basile and DeJong 2018).
Non-structural carbohydrates (NSC) are the main car-
bon (C) storage resources in trees and their concentration
in organs or tissues is often considered as an indicator of C
balance (Korner 2003; Sala et al. 2012; Hoch 2015). Direct
measurements of NSC concentrations in fruit trees on size-
controlling rootstocks are scarce and the observed patterns
are variable. Weibel et al. (2008) measured dormant season
carbohydrate reserves in peach trees on six different size-
controlling rootstocks and found the highest concentrations
in the most vigorous rootstocks. In contrast, Foster et al.
(2017) studied two dwarfing and one vigorous apple root-
stocks and found that the dwarfing rootstocks accumulated

@ Springer


http://orcid.org/0000-0002-3395-4463
http://crossmark.crossref.org/dialog/?doi=10.1007/s00344-023-11052-6&domain=pdf

Journal of Plant Growth Regulation

large amounts of starch, whereas their concentrations of
soluble sugars were very low. Based on these observations
they suggested that the dwarfing rootstocks behave as “super
accumulators” that hold high starch reserves at the expense
of vegetative growth. Olmstead et al. (2010) measured
carbohydrate profiles in the graft union and adjacent root-
stock and scion tissue in sweet cherry. They found that the
starch concentrations were not consistently lower or higher
in dwarfed vs. vigorous trees, but rather showed distinct
seasonal patterns, leading to the suggestion that the NSC
reserve accumulation and mobilization were perturbed by
the higher resistance to NSC translocation at the graft union.

Measurements of NSC concentrations in plant organs and
tissues provide a useful but incomplete assessment of car-
bohydrate reserves because the magnitude of NSC reserves
depends on tree size and biomass partitioning between the
different organs (Furze et al. 2019; Schoonmaker et al. 2021;
Fermaniuk et al. 2021). Therefore, studies scaling-up NSC
concentrations to the overall size of NSC pools allow for
more meaningful quantitative considerations with respect
to the tree’s productivity (Bustan et al. 2011), ecological
strategy (Barbaroux et al. 2003; Schoonmaker et al. 2021),
or adaptation to climate (Fermaniuk et al. 2021). In addition,
these studies help to assess the relative importance of differ-
ent organs for storage. While roots are often believed to be
the primary site for storage in trees (Loescher et al. 1990),
the measurements of the whole-plant NSC pools highlighted
the importance of above-ground stem and branch sapwood
for C storage, mainly because of their large fraction within
the total tree biomass (Bustan et al. 2011; Furze et al. 2019,
Fermaniuk et al. 2021).

The whole-tree NSC pool and its dynamics are particu-
larly important for understanding growth of dwarfed vs.
invigorated trees because of their implicit difference in
size. In addition, trees on size-controlling rootstocks may
also differ in the relative biomass partitioning among their
various organs. For instance, high relative proportions of
roots, which are likely to contain high concentrations of car-
bohydrates, can make for a substantial contribution to the
overall NSC budget. Similarly, greater allocation of biomass
to leaves might be associated with higher photosynthetic
gain which is the ultimate source of NSC. As in case of the
measurements of NSC concentrations, biomass partitioning
in trees on size-controlling rootstocks is currently poorly
documented especially for large field-grown trees. Greater
relative biomass allocation to roots has been found in peach
trees on dwarfing rootstocks, likely as a compensation for
the greater hydraulic resistance of their roots (Solari et al.
2006). In contrast, Tworkoski et al. (2016) reported greater
relative biomass allocation to roots compared to leaves in
vigorously growing apple trees grafted on MM.111 root-
stock compared to the trees on semi-dwarfing M.9 rootstock.
Vigorous apple trees on MM.106 rootstock also had fewer
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leaves per unit sapwood compared to trees on semi-dwarfing
M.9 rootstock. Higher number of leaves per sapwood area
resulted in a better water supply-to-water loss ratio in semi-
dwarfing trees (Cohen and Naor 2002) but potentially also
in a lower photosynthetic gain of those trees. Taken together,
the differences in the overall tree size, differential biomass
allocation, and NSC concentrations of individual organs or
tissues all combine and affect the overall size of the NSC
storage pool.

Another issue is if the entire NSC pool of a tree can
indeed be remobilized and used as C source for metabo-
lism and growth or if a proportion of NSC remain unused
and become sequestered or utilized only in the case of an
extreme event, such as severe defoliation or drought (Land-
hédusser and Lieffers 2012; Carbone et al. 2013; Richardson
et al. 2015). Also, the adequacy of storage capacity needs to
be evaluated relative to the overall growth. It is possible that
dwarfing trees have smaller storage pools, but as they grow
less, this capacity might be sufficient (Basile and DeJong
2018). To resolve these issues, quantifying seasonal fluctua-
tions in the whole-tree NSC pool would be insightful, but,
to the best of our knowledge, has not been done so far with
respect to rootstock-induced control of growth vigor.

Thus, the aim of this study was to evaluate if apple trees
on dwarfing rootstocks have lower NSC reserves and/or
reduced capacity to mobilize NSC compared to trees on
invigorating rootstocks (Basile and DeJong 2018). We
address this question in terms of both organ-level NSC con-
centration as well as the size of the whole-tree NSC pool and
its seasonal fluctuation.

Materials and Methods
Plant Material

All measurements were done on 29-year-old trees of
Malus X domestica Borkh. var. ‘Jonagold’ and 27-year-old
trees of Pyrus communis L. var. ‘Williams’ grafted onto
rootstocks that induced either low or high growth vigor
(Table 1). The low vigor rootstocks were J-TE-G for apple
trees and S1 for pear trees. The high vigor rootstocks were
J-TE-H for apple trees and pear seedling (PS) for pear trees.
The trees were selected from a larger rootstock field trial
so that they provided the greatest differences in growth
vigor in the two studied species (Jupa et al. 2021). The trees
were grown on the experimental fields of the Research and
Breeding Institute of Pomology in Holovousy, the Czech
Republic (50.37N, 15.57E; 283 m.a.s.l.). The site experi-
ences a temperate climate with a mean annual temperature
of 8.4 °C and a mean annual precipitation of 664 mm. The
site is on a loamy brown soil (22.2% clay, 69.1% silt, and
8.7% sand) with neutral pH and a medium fertility. The trees
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Table 1 Growth and yield characteristics of apple var. ‘Jonagold” (J) and pear var. ‘Williams® (W) grafted onto rootstocks inducing low (J-TE-G,

S1) or high (J-TE-H, pear seedling) growth vigor

Scion Rootstock Abbrev TCSA (cm?) Shoot length (cm) Fruit yield (kg/tree)
Apple var. ‘Jonagold’ Apple J-TE-G J-low 113.9+7.2 41.4+2.3 412+54

Apple var. ‘Jonagold’ Apple J-TE-H J-high 298.8+10.6 62.2+3.4 83.8+18.3

Pear var. ‘Williams’ Quince S1 W-low 159.5+13.2 41.3+2.1 10.9+3

Pear var. ‘Williams’ Pear seedling W-high 277.4+14.3 583+3.1 11.3+54

Trunk cross-sectional area (TCSA) and shoot length data were taken from Jupa et al. (2021)

Means +SD (n=3) are reported

were planted with a spacing of 4.5%2.3 m and 5.0x3.0 m
for apple and pear trees, respectively. Trees were trained
as freely growing hedgerows with a short stem height with
the tip of the central leader being removed in the fifth year.
Supplemental fertilization and pest management practices
were applied according to local recommendations for com-
mercial orchards. The weed control in 1.5-m-wide strips was
maintained by herbicides and grass grown in inter-rows was
periodically removed. No irrigation was supplied and no
hand or chemical thinning of the fruits was conducted. For
the measurements, three healthy individuals for each scion/
rootstock combination were used.

Collection of Samples for NSC and Carbon Isotope
Analyses

Sample for the NSC analyses were taken from coarse woody
roots, trunks, 1-year-old shoots and leaves. The coarse
woody roots (5—10 mm in diameter, 10-20 cm in length)
were excavated from the soil depth of 15-50 cm and at the
distance of 50 cm from the root collar. The trunk cores were
extracted at the height of 30-50 cm, which was well above
the graft union and well below the insertion of the lowest
scaffold branches. A sharp increment borer (Mora Coretax,
Switzerland) was used for the coring. The samples taken
consisted of the outermost 3 cm of sapwood and the bark.
The repeated coring throughout the season was conducted
in a spiral fashion around the trunk to minimize the potential
influence of the wounding caused by the previous sampling.
The 1-year-old proleptic shoots (10—15 mm in diameter and
15-30 cm in length) were cut from a sun-lit part of the crown
at the height of 1.5 m and the leaves were stripped from the
woody axis. The sampling took place at the following five
dates in 2019: 20th March (before bud break), 16th April
(at bud break), 17th May (at full bloom), 19th July (at peak
summer, approx. two weeks after the termination of shoot
extension growth), and 4th November (beginning of winter
dormancy). At each date, we collected six roots, six shoots
(i.e., two specimens from each individual tree), and one
trunk core per each tree. Immediately after the collection,
the samples were transported to the laboratory where they

were shortly microwaved (30 s at 600 W) to deactivate the
NSC-modifying enzymes according to Popp et al. (1996).
The samples were then oven dried at 80 °C for 5 days,
homogenized using a centrifugal grounding mill (ZM 100,
Retsch, Haan, Germany) and sent to the Plant Ecophysiol-
ogy Laboratory at the University of Basel, Switzerland, for
NSC analyses and to Stable Isotope Laboratory at the Crop
Research Institute, the Czech Republic for the analysis of
carbon isotopes.

NSC Analyses

Concentrations of NSC were analyzed using the enzymatic-
photometric method described in Landhéusser et al. (2018).
Briefly, low-molecular weight sugars were extracted from
the plant powder with 80% ethanol at 90 °C for 10 min,
the supernatant was collected, the pellet was washed three
more times with ethanol, and the supernatants were mixed.
After evaporation of the ethanol and resuspension of the
extracts in deionized water, the total amount of glucose was
determined photometrically after the enzymatic conversion
of fructose and sucrose to glucose in a multiplate photom-
eter (HR 700, Hamilton, Reno, NE, USA) at 340 nm by
converting glucose-6-P to gluconate-6-P. To break down the
starch in the remaining pellet, the pellet was resuspended
in deionized water and first treated with a-amylase (from
Bacillus licheniformis) for two hours at 85 °C. After cen-
trifugation of the samples, an aliquot of the supernatant was
treated with amyloglucosidase (from Aspergillus niger) at
55 °C for two hours for complete conversion of the starch to
glucose. The total amount of glucose, corresponding to the
initial amount of starch, was determined photometrically as
given above. To control the reproducibility of the extraction,
standard plant powder (Orchard leaves, Leco, St. Joseph,
MI, USA) and pure starch, glucose, fructose, and sucrose
solutions were included in the analysis. Glucose standard
(1 mg mL™") was used to calculate the glucose concentra-
tions of the extracts. All chemicals and enzymes were pur-
chased from Sigma-Aldrich, St. Louis, MO, USA. NSC con-
centrations were expressed as % dry mass of starch and the
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three quantitatively most important soluble sugars (glucose,
fructose, and sucrose).

Carbon Isotope Analyses

Approximately 1 mg of powdered bulk sample of 1-year-old
shoots and leaves was weighted into tin capsules and the iso-
topic ratio was measured using an elemental analyzer (Vario
PYRO Cube, Elementar, Germany) coupled to an isotope
mass spectrometer (Isoprime precision, Elementar, UK) at
Crop Research Institute, Prague. The carbon isotopic com-
position (8'°C) was expressed relative to the international
standard (Vienna Pee Dee Belemnite, VPDB) according to
the following formula 8'°C = (R ,,1/Ryppp - 1), Where R is
the '3C/'2C ratio of the sample or the VPDB standard.

Tree Harvesting and Biomass Estimation

The whole-tree biomass and the biomass of different tree
parts including fruits, leaves, 1-year-old shoots, scaffold
branches, trunk, stump, and coarse roots >3 mm in diam-
eter were assessed using destructive sampling at the end of
the growing season. Fruits were manually picked, the leaves
were stripped and the woody portions of the current-year
shoots were clipped with a pair of hand pruners. Subse-
quently, the trees were felled with a chain saw and separated
into trunks and scaffold branches. Tree stumps, including
the root collar, the graft union, and the lowest 10 cm of
the trunk, were then excavated with a mechanical digging
machine. In place of the excavated stumps, we dug pits with
the diameter of 2 m and a depth of 0.5 m (M. X domestica)
and 0.8 m (P. communis) and sieved the soil to extract the
coarse roots (>3 mm in diameter). The dimensions of the
pits were selected to represent the volume with the majority
of root biomass. The fresh weight of all harvested tree parts
was measured immediately using a portable scale with the
accuracy of 0.01 kg. The measured fresh weights were con-
verted to the dry weights (DW) using the conversion factor
determined on smaller sub-samples. At least 20 sub-samples
were measured for each tissue type.

Estimation of Whole-organ and Whole-tree NSC
Pools

We used the dry weight biomass estimations and the meas-
ured NSC concentrations to calculate the size of NSC pools
in different tree organs and in the whole trees. Considering the
observed seasonal dynamics of NSC concentrations, the cal-
culations were made for two contrasting periods of the grow-
ing season. First, we used May NSC data to characterize the
situation when NSC reserves are at their minimums during
the spring flush. This situation was contrasted with the condi-
tions in November at the onset of winter dormancy, when the
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NSC reserves reached their maximal concentrations. The NSC
concentrations and biomass DW for roots, shoots, and leaves
were directly paired and multiplied, except that in May we
reduced the biomass of shoots and leaves to 25% because the
shoot extension growth and leaf unfolding were just at their
beginning. For tree parts that were not directly monitored for
NSC concentrations (e.g., scaffold branches, stumps) the NSC
concentrations were calculated based on the measurements of
the adjacent parts. Thus, we assumed that the NSC concentra-
tion of the stump was an average between the concentrations
measured in the trunk and the roots. Similarly, the NSC con-
centrations of older scaffold branches were estimated as an
average of the trunk and the current-year shoots. Furthermore,
we assumed that heartwood contributes little to NSC storage
pool due to the generally low NSC concentrations (Hoch et al.
2003). Therefore, we reduced the biomass of trunks, stumps,
and scaffold branches by multiplying them with a factor of 0.7.
The average sapwood depth in our trees was between 2 and
5 cm, which approximately correspond to a 70% of the total
wood cross-sectional area, hence the factor 0.7. To obtain the
estimation of the NSC pool for the whole tree, we summed the
organ-level estimates of NSC contents.

Statistical Analyses

Differences in biomass ratios, sizes of the NSC pools, and
seasonal fluctuation in NSC pools were analyzed with one-way
ANOVA with scion/rootstock combination as the fixed factor.
The means were then separated using Tukey HSD test. Differ-
ences in starch, soluble sugars, total NSC concentrations, and
8'13C were analyzed separately for each species and tissue type
using a linear mixed-effects model. The models were fitted in
R (R Development Core Team 2010) using Imer function from
Ime4 package (Bates et al. 2015). Homogeneity of variance
and normality of the data were evaluated by visual inspection
of model residuals. In these models, rootstock and sampling
date (incl. the interaction term) were implemented as fixed
factors and tree_id was included as random factor to account
for the repeated sampling. The significance of the fixed effect
factors was evaluated using F test with Satterthwaite approxi-
mation for the degrees of freedom implemented in the ImerT-
est package (Kuznetsova et al. 2017). For significant fixed
effects, differences between pairs of means were evaluated
using Tukey-adjusted pairwise comparisons. The results were
considered significant at a=0.05.

Results
NSC Concentrations and Their Seasonal Dynamics

In both species, the NSC concentrations in all studied tis-
sue types varied seasonally with the lowest values observed
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during the May or July sampling and the highest values
being reached in November (Figs. 1, 2). The trunk cores
had the lowest total NSC concentrations of all measured
organs, except for the leaves of pear trees that had NSC
concentrations lower than 3% (d.w.) throughout the entire
season. Despite broadly similar seasonal dynamics of NSC
concentrations, there were some significant differences
between the trees of contrasting vigor in both species. For
instance, the roots of low vigor apple trees had significantly
lower starch concentrations, but higher concentrations of
soluble sugars early in the season than vigorously grow-
ing apple trees (Fig. 1a, e). At some sampling dates, the
low vigor apple trees also showed significantly lower starch
concentrations than high vigor apple trees in their shoots
and leaves (Fig. lc, d). In pear trees, low vigor trees had
significantly higher starch and total NSC concentrations in
trunks throughout the whole sampling period compared to
vigorously growing trees (Fig. 2 b, j). Starch and total NSC
concentrations were also higher in the roots of low vigor
pear trees early in the growing season, but the opposite

pattern was observed in November (Fig. 2 a, i). In Novem-
ber, low vigor pear trees also had significantly higher NSC
concentrations in shoots than their high vigor counterparts
(Fig. 2 ¢, k).

Tree Biomass Components

The difference in overall growth vigor for trees on size-con-
trolling rootstocks was greater in apple trees than pear trees
(Table 1, 2). In apple trees, trunk cross-sectional area (TCSA)
of low vigor trees was 62% lower than TCSA in high vigor
trees, while the difference was only 43% in pear trees (Table 1).
Similarly, low vigor apple trees had about half the fruit yield
in comparison with the high vigor rootstock-scion combina-
tion, while the difference in yield was minimal for pear trees
(Table 1). The estimated mean total tree biomass (excluding
fruits) was 27.7 kg in low vigor, 82.5 kg in high vigor apple
trees, 39.6 kg in low vigor, and 78.9 kg in high vigor pear trees
(Table 2). Thus, the low vigor trees had about 66% (in the case
apple trees) and 50% (in the case of pear trees) less biomass
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b
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Fig.1 Seasonal concentrations of starch, soluble sugars, and total
NSC measured in coarse roots, trunk cores, 1-year-old shoots, and
leaves of apple tree var. ‘Jonagold’ (J) grafted on rootstocks inducing
low or high growth vigor. The data are means+SE (n=3 for trunk

Apr Jun Aug Oct Dec Apr Jun Aug Oct Dec

Apr Jun Aug Oct Dec
date
cores, n=6 for other tree parts). The asterisk indicates significant

differences between the rootstock means within the sampling date as
evaluated with the Tukey-adjusted pairwise comparison
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Fig.2 Seasonal concentrations of starch, soluble sugars, and total
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ated with the Tukey-adjusted pairwise comparison

Table 2 Estimated biomass dry

O J-1 J-high W-1 W-high
weights (kg tree™!) of various rean o ¢ o ¢
tﬁee Partlzin(;‘)PPlz tree var. Roots 3.1+0.7 (9.5%) 4.7+0.9 (5%) 3.8+0.1 (9.2%) 7.1+1.1(9.3%)
‘Jonagold” (J) and pear tree var.
‘Williams® (W) grafted onto Stump 74+0.8(22.6%) 22.1+53(23.6%) 7.4+0.6 (18.2%) 21+5.7 (26%)
rootstocks inducing low or high Trunk 9.6+1.8(292%) 37.6+2(40.7%) 12.7+2.8(31.2%)  24.8+5.1 31.1%)
growth vigor Scaffold branches ~ 6.1+0.5 (18.7%)  12.7+2.7(13.7%) 119424 (29.1%) 17.9+4.5 (22.1%)

1-year-old shoots

0.3+0.1 (0.9%)

Leaves 1.3+0.3 (3.9%)
Fruits 5+0.7 (15.3%)
Total 32.7+3 (100%)

1.6+0.5 (1.7%)
3.8+0.5 (4.1%)
10.1+22 (11.1%)
92.6+8.6 (100%)

1.6+0.4 (3.8%)
22+0.3(5.3%)
1.3+0.4 (3.2%)
40.9+2.9 (100%)

41422 (4.8%)
4413 (4.9%)
1.4+0.7 (1.8%)
80.3+ 15.9 (100%)

The values in brackets refer to the percent fraction of a given tree part relative to the total tree biomass

Means + SD (n=3) are reported

than their high vigor counterparts. The majority of tree bio-
mass consisted of older woody parts (trunk, scaffold branches,
and stump). All together these tissues comprised 72-88% of
total standing tree biomass. 1-year-old shoots and leaves repre-
sented between 4.8 and 9.7% of the total tree biomass. Across
all trees, leaf biomass, and correspondingly the estimated leaf
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area (LA), scaled tightly with the TCSA (r=0.954, P< 1074,
resulting in a similar LA-to-TCSA ratio (Fig. 3a). Root bio-
mass represented less than 10% of the total tree biomass.
However, the fraction of below-ground biomass increased, if
parts of the stump were considered as below-ground compo-
nent. When half of the stump weight was attributed to the
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below-ground biomass, while the second half was considered
above-ground, estimated above- to below-ground biomass
ratios ranged between 3:1 and 5:1 (Fig. 3b). Fruits accounted
for 15.3 and 11.1% of total biomass in low and high vigor
apple trees, while this fraction was much lower (between 1.8
and 3.2%) in pear trees. The ratios of reproductive to vegeta-
tive biomass were not significantly different between low vs.
high vigor trees, but this ratio was higher for apple than pear
trees (Fig. 3c). In contrast, pear trees had greater biomass of
1-year-old shoots than apple trees (4% vs 1.5% in pear vs apple
trees, respectively).

Estimated NSC Storage Pools

The whole-tree NSC pools estimates excluding fruits were
1.89 kg for low vigor apple, 4.77 kg for high vigor apple,
0.64 kg for low vigor pear, and 0.75 kg for high vigor pear
in May. For November, the whole-tree NSC pool estimates
were 2.44 kg for low vigor apple, 6.54 kg for high vigor apple,
2.47 kg for low vigor pear, and 4.68 kg for high vigor pear
(Table 3, Fig. 4a). Thus, in absolute terms high vigor apple
trees had the greatest NSC pool size from all measured trees,
while the low vigor pear trees had the smallest pool size.
The seasonal fluctuations expressed as the absolute differ-
ence between the November and May pool size was highest
(3.93 kg) in high vigor pear trees and lowest (0.55 kg) in low
vigor apple trees (Fig. 4b). The difference in the seasonal fluc-
tuation between trees on low vs. high vigor rootstocks was sig-
nificant (P <0.05) in pear trees, while the difference was even
larger, but due to higher variation not statistically significant
in apple trees. When expressed as a fraction of the November
(i.e., maximal) pool size, the magnitude of the seasonal fluc-
tuation accounted for 22.5% in low vigor apple, 27.1% in high
vigor apple, 74.1% in low vigor pear, and 84% in high vigor
pear. Finally, when scaled to the tree’s biomass, the fluctuation
was higher in pear trees than apple trees with no significant
difference between low and high vigor trees (Fig. 4c).

Variation in 8'3C

The 8'3C values of 1-year-old shoots and leaves varied
between — 26 and — 30%o. In apple trees, no significant
differences in 8'C were found between low and high vigor
trees, whereas in pear trees low vigor trees had significantly
higher 8'*C values in shoots and leaves in at least some sam-
pling dates (Fig. 5).

Discussion
The main aim of our study was to compare the size of NSC

pools and NSC dynamics in trees grafted on low vs. high
vigor rootstocks (Table 1), while considering differences in
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Fig.3 a Ratio between leaf area (LA) and trunk cross-sectional area
(TCSA), b ratio between above- and below-ground biomass, ¢ ratio
between reproductive (i.e., fruit) and vegetative biomass in apple
tree var. ‘Jonagold’ (J) and pear tree var. ‘Williams’ (W) grafted onto
rootstocks inducing low or high growth vigor. The bars represent
means +SE (n=3). The results of Tukey-adjusted pairwise compari-
sons of means are labeled either with asterisk (significant differences
at a=0.05) or “ns” (non-significant)
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Table 3 Estimated NSC pool size (kg) in May (during spring flush) and November (the onset of winter dormancy) of various tree parts in apple
tree var. ‘Jonagold” (J) and pear tree var. ‘Williams’ (W) grafted onto rootstocks inducing low or high growth vigor

NSC pool in May (kg)

Organ J-low J-high W-low W-high

Roots 0.48+0.11 (25.1%) 0.63+0.2 (13.3%) 0.08 +0.06 (12.4%) 0.02+0.01 (2.4%)
Stump 0.82+0.1 (43.5%) 2.24+0.91 (46.9%) 0.13+0.08 (20.8%) 0.09+0.03 (11.3%)
Trunk 0.31+0.13 (16.1%) 1.23+0.61 (25.8%) 0.18+0.08 (28%) 0.18+0.09 (24.2%)
Scaffold branch 0.24+0.03 (12.7%) 0.51+0.07 (10.6%) 0.23+0.08 (35.5%) 0.41+0.07 (54.6%)
1-year-old shoots 0.004 +0.002 (0.2%) 0.02+0.002 (0.4%) 0.009+0.002 (1.4%) 0.03+0.01 (4.1%)
Leaves 0.05+0.02 (2.4%) 0.15+0.01 (3.1%) 0.012+0.004 (1.9%) 0.03+0.004 (3.4%)
Total 1.89+0.29 (100%) 4.77+1.69 (100%) 0.64+0.28 (100%) 0.75+0.19 (100%)
NSC pool in November (kg)

Organ J-low J-high W-low W-high

Roots 0.58+0.23 (23.9%) 0.94+0.22 (14.4%) 0.25+0.06 (10.1%) 0.87+0.06 (18.6%)
Stump 0.81+0.24 (33.2%) 2.5+0.54 (38.2%) 0.34+0.11 (13.9%) 1.56+0.43 (33.3%)
Trunk 0.32+0.05 (12.9%) 1.22+0.07 (18.6%) 0.53+0.12 (21.4%) 0.66+0.1 (14.2%)
Scaffold branch 0.57+0.09 (23.2%) 1.24+0.23 (18.9%) 1.04+0.24 (42.1%) 1.05+0.28 (22.5%)

1-year-old shoots
Leaves
Total

0.05+0.01 (1.9%)
0.1240.03 (4.9%)
2.44+0.57 (100%)

0.27+0.07 (4.1%)
0.3740.06 (5.7%)
6.54+0.83 (100%)

0.22+0.07 (9%)
0.09+0.03 (3.5%)
2.47+0.38 (100%)

0.41+0.24 (8.8%)
0.12+0.02 (2.6%)
4.68+0.94 (100%)

The values in brackets refer to the percent fraction of a given tree part relative to the total tree pool size.

Means +SD (n=3) are reported.

tree’s overall size and biomass allocation into different tree
parts. Because of the small variation in the relative biomass
partitioning (Table 2) and generally similar organ-level NSC
concentrations (Fig. 1, 2), we found that the size of the NSC
pools scaled tightly with the overall plant biomass with vig-
orous trees having greater absolute storage pools compared
to low vigor trees (Fig. 4a). The magnitudes of the seasonal
fluctuation (i.e., the difference in NSC pool size between
November and May) in the range from 0.55 to 3.93 kg were
similar as those estimated for forest trees in the boreal zone
(Schoonmaker et al. 2021; Fermaniuk et al. 2021). In the
absolute terms, the seasonal fluctuation was higher in vig-
orously growing trees. However, in relative terms and also
when scaled by the tree’s biomass, the differences between
the low and high vigor trees became negligible (Fig. 4c).
This finding suggests that the low and high vigor trees rely
on their NSC reserves to a similar extent during their annual
growth cycle. In other words, the size of NSC storage pool
and the NSC demands vary in accordance with each other in
low and high vigor trees, which indicates that a mechanism
other than the ability to accumulate or utilize NSC is driving
growth differences observed in these rootstocks.

The relative magnitude of seasonal fluctuation of NSCs
differed between apple and pear trees with apple trees show-
ing smaller relative fluctuation. This was because the apple
trees maintained high NSC pool in May (Fig. 4a), mainly due
to high soluble sugar concentrations in their roots (Fig. le).

@ Springer

The differences in the root NSC pool size between the two
species could originate from their different root morphology
and anatomy (Jupa et al. 2021). Apple trees have relatively
shallow root systems and may need high concentrations of
soluble sugars to adjust osmotically to frequently drying upper
soil horizon (Davies and Lakso 1979). Also, apple tree roots
have thick bark and abundant ray parenchyma accentuating
their role in storage (Jupa et al. 2021). In contrast, pear trees
have deep sinker roots, thin bark, and high vessel density on
the root cross-sections, which has been related to their high
water-conducting capacity (Jupa et al. 2021). Based on our
estimates, roots and stump accounted for about a half of the
total tree NSC pool in apple trees and high vigor pear trees
(Table 3). Our estimates also indicate that the stump that con-
sisted of the root crown, graft union, and the lowest portion
of the trunk could be an important site for storage because of
its large biomass and presumably high NSC concentrations at
least in the root structures. On the other hand, the graft union
and the associated outgrowth tissue can represent a severe
restriction for the long-distance xylem and phloem transport
(Soumelidou et al. 1994; Olmstead et al. 2010).

Based on our data, trunk and scaffold branches also
harbor a substantial portion of the NSC reserves (Table 2),
particularly in low vigor pear trees. The importance of
above-ground woody tissue for NSC storage, which origi-
nates mainly from its large total biomass, agrees well
with the previous results on forest trees (Hoch et al. 2003;
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Fig.4 a Mean estimated pool sizes of starch and soluble sugars in
May (during spring flush) and November (during the onset of win-
ter dormancy) in the whole trees of apple tree var. ‘Jonagold’ (J) and
pear tree var. ‘Williams’ (W) grafted onto rootstocks inducing low or
high growth vigor. b Difference in the estimated pool sizes between
November and May in the four studied scion/rootstock combinations.
¢ Difference in the estimated pool sizes scaled by the tree’s biomass.
The data are means +SE (n=3). The results of Tukey-adjusted pair-
wise comparisons of means are labeled either with asterisk (signifi-
cant differences at «=0.05) or “ns” (non-significant)

Wiirth et al. 2005; Furze et al. 2019). In contrast to other
measured organs, trunk tissue NSC concentrations were
low (Fig. 1, 2) and not very dynamic suggesting that trunk
sapwood is large but not a very active NSC pool (Carbone
et al. 2013). Interestingly, the high vigor pear trees had

consistently lower starch concentrations in their trunks
compared to low vigor trees (Fig. 2b). This finding could
indicate that NSC reserves were used to fuel rapid cam-
bial growth or to support stem suckering which was quite
intense in high vigor pear trees. Compared to the peren-
nial woody organs, the biomass of current-year shoots,
leaves, and fruit was relatively small, accounting for 11.5
to 20.1% of the total biomass (Table 2). The ratio of repro-
ductive (i.e., fruit) to vegetative above-ground biomass
was higher for apple trees than pear trees and did not differ
significantly between low vs. high vigor trees (Fig. 3c),
although the trend for higher yield efficiency in low vigor
trees was apparent and consistent with the previous find-
ings in this rootstock trial (Kosina 2004) as well as broader
horticultural literature (Atkinson and Else 2003). If we
consider that the fruit represents a major sink for carbo-
hydrates (DeJong and Grossman 1995), it is likely that a
higher yield efficiency related with lower leaf to fruit ratio
may further compete with the vegetative growth.

Total leaf area is an important determinant of photosyn-
thetic gain and overall growth (Watson 1958). Differences in
the relative proportion of leaf area were anticipated between
low versus high vigor trees as a consequence of architectural
changes during canopy development. For instance, low vigor
trees typically have shorter shoot internodes and different pro-
portions of sympodial to monopodial branching (Seleznyova
et al. 2008), which is in pome fruit closely related to differ-
ent proportions between vegetative and reproductive wood
(Costes et al. 2006). We found that leaf area scaled allometri-
cally with TCSA with a common exponent which resulted
in a similar leaf area-to-TCSA ratio across all studied trees
(Fig. 3a). The scaling between leaf and sapwood cross-sec-
tional area presumably reflects the functional balance between
water loss, C gain, and water transport toward the leaf evapo-
rating sites (Petit et al. 2018). Thus, our results indicate that,
from the structural point of view, this balance was roughly
the same for low and high vigor trees. However, the measure-
ments of leaf and shoot carbon isotopic composition (Fig. 5)
suggest that low vigor pear trees likely had lower stomatal
conductance compared to high vigor pear trees and both
scion/rootstock combinations of apple trees, which might have
translated into lower photosynthetic gain and lower growth
vigor. In agreement with our results, less negative *C values
were associated with reduced vigor in ‘Honeycrisp’ apple
tree scion grafted onto a series of size-controlling rootstocks
(Casagrande Biasuz and Kalcsits 2022). Less-depleted 5'°C
can also be caused by a greater contribution of stored carbo-
hydrates relative to the current-year assimilates (Han et al.
2016). This interpretation would be supported by the less
negative 8'C values of spring compared to summer leaves.
To disentangle these possibility measurements of compound-
specific §'3C or 8'%0 composition or leaf gas exchange rates
could be helpful (Hartmann and Trumbore 2016).
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Fig.5 Seasonal carbon isotope (5'°C) variation in 1-year-old shoots
and leaves of apple tree var. ‘Jonagold’ (J) and pear tree var. “Wil-
liams’ (W) grafted onto rootstocks inducing low or high growth vigor.

To the best of our knowledge, this is the first study that
tested the carbohydrate reserve theory of rootstock-induced
control of growth vigor (Basile and DeJong 2018) from the
perspective of whole-tree NSC storage. We found that the
size of the NSC storage pool as well as the magnitude of
seasonal fluctuation varied proportionally with tree size.
Thus, from the whole tree perspective, the trees seem to
rely on NSC reserves to a similar extent and there was no
evidence for a generally lower NSC storage capacity in low
vigor trees compared to their high vigor counterparts. Nev-
ertheless, there were some nuances in the dynamics of NSC
concentrations across organs, indicating that NSC use and
demands were locally perturbed by the different size-con-
trolling rootstocks. It is unlikely that these small differences
would be the ultimate cause of differential growth vigor.
Instead, other mechanisms such as disturbed water, hormo-
nal, or nutritional relations were likely to affect the trees’
growth and subsequently C use.
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Abstract

Because of an increased incidence of drought, irrigation has become an important agricultural practice in formerly mesic
regions. Efficient irrigation scheduling depends on a good knowledge of tree water relations. For three growing seasons,
we monitored stem water potential (W) in two apple tree cultivars (Malus X domestica cv. ‘Red Jonaprince’ and ‘Gala
Brookfield’) with and without irrigation. We also determined xylem potentials at 12% and 50% percent loss of conductivity
(¥,,, ¥5) and vessel diameters in current-year shoots. To evaluate if trees are capable of osmotic adjustment, we measured
turgor loss point (TLP), osmotic potential at full turgor, and the concentrations of organic osmolytes (proline, glucose,
sucrose, and sorbitol) in leaves throughout the growing season. We found that ¥, did not drop below — 1.6 MPa, which
is well above the W5, and TLP. Irrigated trees (ETc-100) had slightly higher ¥, than trees without irrigation (ETc-0). The
observed conditions in one of the 3 years resulted in similar yields but smaller fruit sizes of the non-irrigated trees. The
triploid cultivar ‘Red Jonaprince’ had typically more negative ¥, than the diploid cultivar ‘Gala Brookfield’, but ‘Gala
Brookfield” exhibited higher limitations in fruit growth during drought and shoot growth during wet periods. Concentrations
of all measured osmolytes were higher in leaves of non-irrigated trees of ‘Gala Brookfield’ and increased during the season,
while the pattern was more variable in ‘Red Jonaprince’. In summary, our results indicate that ‘Red Jonaprince’ favours
hydraulic efficiency against safety, while ‘Gala Brookfield’ adopts a more conservative growth strategy.

Introduction a moderately vigorous diploid, late summer cultivar originat-

ing as a cross of ‘Kidd’s Orange’ and ‘Golden Delicious’.

Apple (Malus X domestica Borkh.) is one of the most impor-
tant fruit trees growing in the temperate zone with a long tra-
dition in cultivation. Currently, 86 million tons of apples are
produced worldwide on a harvested area of about 4.6 million
ha (FAO 2022). There are currently more than 10,000 named
cultivars of apple trees, although only a few dozen of them
are widely cultivated in commercial orchards (O’Rourke
2003). Among them, ‘Gala Brookfield” and ‘Red Jonap-
rince’ are two highly popular cultivars. ‘Gala Brookfield’ is
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This cultivar was bred in New Zealand and patented in 1973
(McKenzie 1973). ‘Red Jonaprince’ is a vigorous triploid
invented in the Netherlands as a naturally occurring muta-
tion of the unpatented cultivar ‘Jonagold’ from a cross of
‘Golden Delicious’ and ‘Jonathan’ (Princen and Princen
1999).

There are many differences between these two cultivars,
such as pollination efficiency, fruit size, and growth vigour,
which are related to the different number of chromosome
sets. As for reproduction, triploids are not able to self-pol-
linate, and a high percentage of the triploid pollen is sterile
(He et al. 2018). Triploid apple tree varieties typically have
larger fruit sizes and more vigorous growth in comparison
with diploids (Nikolaevich et al. 2015; Sedov et al. 2017).
Beyond the yield and growth parameters, there are also dif-
ferences in leaf size, leaf colouring, and the size of stomata
and guard cells (He et al. 2018; Makarenko 2021). Poly-
ploids are also generally thought to be more drought tol-
erant (Maherali et al. 2009; Hennig et al. 2015), although
lower thresholds for the spread of drought-induced xylem
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«Fig. 1 a Daily precipitation and irrigation, b reference evapotranspi-
ration (ET,) and ¢ available soil water capacity (ASWC) under non-
irrigated (ETc-0) and irrigated (ETc-100) apple trees of ‘Red Jonap-
rince’ (J) and ‘Gala Brookfield’ (G) cultivars in years 2019, 2020
and 2021. d Relative extension growth rates of shoots (RGR) and e
midday stem water potential (W) for non-irrigated (ETc-0) and
irrigated (ETc-100) trees of each cultivar are shown. Points and error
bars represent means + standard error; n=16-20 for shoot RGR; n=4
for ¥

stem

embolism were recently found for tetraploid apple trees
compared to their diploid predecessors (Baerdemaeker et al.
2018). Thus, there is a need for more data on hydraulic traits
of apple trees of different ploidy, which would be helpful for
the assessment of apple tree performance under drought.

Apple trees have been traditionally grown in temperate
areas, but they are also cultivated in semi-arid regions such
as Israel or Turkey (Webster 2005a). More recently, apple
cultivation has been expanded even to the tropics. To achieve
high yields and good marketable quality of fruits and to sus-
tain the long-term health of trees, it is important to maintain
favourable water balance of apple orchards. Irrigation is nec-
essary to sustain apple fruit production in semi-arid regions
with minimal summer precipitation and high evaporative
demands. However, irrigation is now becoming increas-
ingly important even in temperate zones because longer and
more intense drought periods occur in many formerly mesic
regions because of climate change (Tromp 2005; Brés et al.
2021).

To successfully manage orchard water balance and
schedule irrigation efficiently, the knowledge of site con-
ditions (climate, soil properties) and water requirements
of planted trees is essential (Webster 2005a, b). Different
cultivars have different native drought tolerance (Beikircher
and Mayr 2017) and may respond differently to irrigation in
terms of their vegetative and generative growth. In addition,
tree water requirements may vary with the intensity of crop-
ping with high crop loads resulting in increased water use
(Naor et al. 2008). Irrigation scheduling is often based on
evapotranspiration estimated from measured meteorologi-
cal conditions (Allen and Pereira 2009; Dragoni and Lakso
2008), while various soil- and plant-based indicators are
used to adjust irrigation to achieve desired water status of
the orchard site or cultivated trees (Glenn 2010; Robinson
et al. 2022).

Midday stem water potential (Wg.,,) is one of the most
widely used plant-based indicators for irrigation scheduling
and a sensitive measure of plant water status (Shackel et al.
1997; Naor 1999; Ortufio et al. 2009). To use ¥, as an
irrigation indicator, it is necessary to determine a thresh-
old value, i.e. the value when the drought stress starts to
have negative impacts on the total fruit yield or fruit size
(DeSwaef et al. 2009; Robinson et al. 2022). In addition, it is
useful to put the stem water potential experienced under field

conditions into a physiological context. There are a number
of plant functional traits related to hydraulic safety and effi-
ciency which have been linked to drought tolerance (Hacke
and Sperry 2001). For instance, vulnerability to embolism
and hydraulic conductivity, which are both closely linked
to vessel diameter, are important features of xylem that are
closely related to growth performance and drought resist-
ance of trees (Gleason et al. 2012; Hacke et al. 2017). How-
ever, these parameters have not been widely studied across
apple tree cultivars.

Soft living tissues, such as leaves, can increase their
drought tolerance by lowering their turgor loss point in the
process known as osmotic adjustment (Bartlett et al. 2014).
Alternatively, the adjustment of cell wall properties can
make leaf tissue more elastic allowing for the expansive
growth and stomatal opening at lower turgor (Davies and
Lakso 1979). Accumulation of osmotic compounds, e.g.
proline, sorbitol or soluble sugars, is also involved in plant
drought tolerance (Wang and Stutte 1992). The osmolytes
reduce the osmotic potential of cells and help to maintain
turgor which is essential for expansive growth and stoma-
tal control (Rodriguez-Dominguez et al. 2016). Besides
their role in osmotic adjustment and reduced water loss, the
osmolytes may also serve as osmoprotectants that stabilize
membranes and macromolecular compounds (Gomes et al.
2010).

In this study, we monitored yield, ¥, and shoot growth
in irrigated and non-irrigated apple trees of ‘Red Jonap-
rice’ and ‘Gala Brookfield’ cultivars during three consecu-
tive growing seasons. The results of these measurements
are interpreted in the context of important hydraulic traits,
namely xylem vulnerability to embolism, vessel diameter,
turgor loss point, and accumulation of compatible osmolytes
(proline, sucrose, glucose, and sorbitol). We hypothesized
that non-irrigated trees would have lower ¥ .., slower shoot
growth, lower fruit yield and/or smaller fruits due to water
deficit conditions. Also, the trees might acclimate to water
deficit by increasing their embolism resistance, lowering
their turgor loss point or increasing the concentration of
compatible osmolytes.

Materials and methods
Experimental site and irrigation treatments

The experiment was conducted on seven-year-old apple
trees of ‘Red Jonaprince’ and ‘Gala Brookfield’ grown at
Research and Breeding Institute of Pomology Holovousy
Ltd. (Czech Republic—15°34'48.031"E, 50°22'24.520"N)
in the years 2019-2021. The local mean temperature and
precipitation during the vegetation period were 16.7 °C and
228 mm, 15.9 °C and 424 mm, and 15.2 °C with 326 mm
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for the years 2019, 2020, and 2021, respectively. For the
detailed distribution of precipitation, irrigation and refer-
ence evapotranspiration (ET,), see Fig 1a and b. The orchard
was planted on silty loam brown soil (Loganathan 1987),
characterized by 22.2 % clay, 69.1 % silt, and 8.7 % sand.
The soil characteristics were evaluated by laboratory analy-
ses with Kopeckého cylinders (PospiSilova et al. 2016) and
corresponded to 34.2 vol. % water content at field capacity
and 15.9 vol. % at permanent wilting point according to the
estimates published by Kaufmann and Cleveland (2008).
The scions were grafted on M9 rootstock and planted at a
spacing of 3.5 X 1.2 m for ‘Red Jonaprince’ and 3.5 X 1.0 m
for ‘Gala Brookfield’. The trees were trained as slender spin-
dles combined with “Klik” pruning with a final height of
3.2 m. Crown volumes calculated by multiplying the crown
widths and lengths were between 1.2 and 2.9 m? at the
beginning of the irrigation study and increased to between
3.0 and 7.8 m® at the end of 2021. The fruit set was regulated
by hand thinning at BBCH 72 (fruit diameter of 20 mm)
using the equilifruit disc (Kon and Schupp 2013) after pre-
vious chemical thinning in the case of ‘Gala Brookfield’.
The chemical thinning was done by a mixture of benzylad-
enine and naphthalene-1-acetic acid applied at a fruit size
of 10—15 mm. The plant protection and fertilization were
carried out in accordance with the rules of integrated fruit
production. Trees rows (1 m in width) were managed with
herbicides combined with mechanical treating of the soil
surface. The interrows were covered by periodically moved
grass.

Irrigation treatment replacing 100% of the estimated crop
evapotranspiration (ETc-100) was applied and contrasted to
non-irrigated control (ETc-0) in each of the two cultivars.
The trees were grown in neighbouring north-south oriented
rows and the irrigation treatment was applied to a whole
sector within each row that encompassed 17 trees. A subset
of 10 trees was selected in each sector to obtain trees of
similar vigour and flowering intensity at the beginning of
the irrigation experiment, and these trees were used for the
measurements. The irrigated sectors did not change between
seasons; thus, the effect of irrigation would be compounded
over the three years of experiment. The trees were drip-irri-
gated with emitters flow capacity 2.3 L h™! placed in 0.5 m
spacing. The dripline was fixed to a wire installed 0.5 m
above the soil surface. The crop evapotranspiration was cal-
culated according to the Penman-Monteith equation (Allen
et al. 1998), including later updates described by Allen and
Pereira (2009). For the calculation, data from the meteoro-
logical station including air temperature (DS18B20, Dallas
Semiconductor) and humidity (HIH-4000, Honeywell) in 2
m above ground, wind direction and speed (W2, Tlustak,
Praha), solar radiation (SG002,5, Tlustak, Praha), and rain-
fall (Small Rain Gauge 100.053, Pronamic) installed inside
the orchard were used. The microclimatic data were further
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validated by the official meteorological data by the Czech
Hydro-Meteorological Institute. The soil moisture in tree
rows was measured continuously with Virrib sensors (Fie-
dler AMS, Czech Republic) installed in each treatment at
a depth of 30 cm. The soil volumetric water content was
further transformed to saturation proportion of the avail-
able soil water content (ASWC; Fig. 1c) calculated as the
difference in soil water content between the field capacity
and the wilting point. Irrigation was applied from 1st April
to 30th September. The total irrigation volumes applied per
vegetation season were 294 mm in 2019, 54 mm in 2020
and 189 mm in 2021(Fig. 1a). The irrigation management
was set to maintain at least 0.7 ASWC in the root zone 30
cm deep, regularly applying water until full ASWC capac-
ity. Thus, irrigation volume and frequency varied based on
the ASWC criteria and was between 4 and 11 mm per dose,
applied 2-3 times per week during drought periods (see
Fig. 1a for more details on irrigation doses and scheduling).

Growth and fruit production

Apple trees of each cultivar and irrigation treatment (n =
7-10 for each cultivar irrigation treatment group; the vari-
able n is due to the exclusion of trees with obvious signs of
health problems) were measured for the following charac-
teristics: total growth expressed as trunk cross section area
(TCSA), the growth of extension shoots, flowering intensity,
fruit yield, fruit number per unit TCSA and the proportion
of the fruit in size categories. The fruits were categorized
according to the fruit diameter size: (i) small: < 65 mm,
(i1) medium: 65-70 mm, and (iii) large >70 mm, for ‘Gala
Brookfield’ and (i) small <65 mm, (ii) medium: 65-75 mm,
and (iii) large >75 mm, for ‘Red Jonaprince’. The TCSA
was calculated from the trunk circumference measured 10
cm under the first branching. The measurements of the shoot
length were carried out in 14 days intervals from May to
September. The flowering intensity was scaled by 1-9, where
1—almost no flowers along the shoots, and 9—the bearing
shoots were fully covered by flower clusters. For a more
detailed description of the flowering intensity scale, see
Table S1 and Figure S1. The fruit yield was expressed in kg
of fruits per tree. Shoot extension growth was expressed as
the relative growth rates (RGR) of annual proleptic shoots,
which was calculated according to the following formula:

InL, — InL,
L—Y

RGR =

where L and L, are shoot lengths measured at two consecu-
tive measuring dates and t,—t, is the number of days between
the two dates. Also, key phenological stages (including bud
break, full bloom, fruits 20 mm in size, end of vegetative
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growth, harvest, and leaf fall) were monitored using the
extended BBCH scale by Meier 1997.

Midday stem water potential

To assess plant water status, midday stem water potential
(Yger) Was measured from June to September in 14 days
intervals on four individual trees per cultivar and treatment.
Prior to the measurements, fully expanded leaves on two
current-year shoots per tree were covered with an aluminium
bag and left to equilibrate for at least one hour. The covered
leaves were excised between 11:00 and 13:00 hour solar
time, and ¥, was measured immediately using a portable
pressure chamber (1505D-EXP, PMS Instrument Company,
Albany, OR, USA). The average of the two measurements
per individual tree was calculated and used in statistical
analyses.

Xylem hydraulic traits

To provide physiological context for the measured ¥, val-
ues, we assessed several structural and functional hydraulic
traits on six individual trees per cultivar and irrigation treat-
ment in growing season 2020. Supported leaf area and xylem
cross-sectional area were measured in current-year shoots at
a standard distance of 30 cm from the apex (Lechthaler et al.
2019). Furthermore, we measured vessel diameters in the
current-year shoots. For these measurements, 30 um thick
cross sections were prepared at a standard distance of 30 cm
from the shoot apex with a sliding microtome (GSL1, Swiss
Federal Research Institute WSL, Birmensdorf, Switzerland).
The sections were stained with toluidine blue for 2 min,
mounted in glycerol and observed under a digital micro-
scope (VHX-7000, Keyence, Japan) at 200X magnification.
Vessel diameters were measured in the wedge-shaped region
delimited by rays. At least 100 vessels were measured for
each shoot cross section, excluding the smallest protoxylem
vessels closest to the pith. Image analysis was carried out
using ImagelJ software (Schindelin et al. 2012).

The vulnerability of stem xylem to drought-induced
embolism was assessed by generating vulnerability curves
with the Cavitron device (Lauri et al. 2011). For these meas-
urements, fully developed current-year shoots were sampled
from five individuals per cultivar and irrigation treatment
(one shoot per individual) in the early morning hours at the
beginning of September 2020. The shoots were covered
with a moist paper towel, inserted into a black plastic bag,
and immediately transported to the University of Innsbruck
(Austria) where they were stored in a cooling room and
processed within 4 days after their collection. All lateral
branches were removed underwater, and the cut surface was
sealed with glue (Loctite 409; Loctite, Rocky Hill, USA).
The segments were shortened from each side to 30 cm and

perfused with degassed, ultrafiltered (0.23 um) distilled
water, enriched with Micropur Classic Liquid (0.005% v/v;
Katadyn Products, Kemptthal, Switzerland) preventing
microbial growth at 90 kPa for 30 min to completely remove
embolism. Then, branches were trimmed several times
from each side underwater to 27.4 cm using a sharp wood
carving knife and inserted into a 28 cm rotor installed in a
modified Sorvall RC-5 centrifuge (Thermo Fisher Scientific,
Waltham, MA, USA). Since this technique may be sensitive
to open vessel artefacts resulting in erroneous vulnerability
curves (Martin-St. Paul et al. 2014), maximum vessel length
was quantified in similar current-year shoots before the vul-
nerability measurements using the air injection technique.
The longest vessels did not exceed 20 cm indicating that no
open vessels were present in the branch segments.

For the Cavitron analyses, the same solution as for flush-
ing of samples (see above) was used. The samples were
first equilibrated for 10 min at low rpm, corresponding to
xylem water potential (V) above — 0.1 MPa. Then, rpm was
increased to successively reduce ¥ by 0.5 or 1 MPa steps.
Y was kept constant for 10 min before the flow rate through
the sample was measured. ¥ was reduced until the hydraulic
conductivity decreased by more than 95%.

During the measurement, the per cent loss of hydraulic
conductivity (PLC; %) was calculated according to the fol-
lowing equation:

PLC = 100(K,,,, — K1)/ Konax

where K|, corresponds to maximum hydraulic conductiv-
ity and K, is the actual hydraulic conductivity measured at
a given V.

Sigmoid vulnerability curves (plot of PLC vs. ¥) were
observed in all tested species, and the data were fitted with
an exponential sigmoid function following Pammenter and

Vander Willigen (1998):

100

PLC =
1 4+ expa(¥ — ¥s)

where a is a constant related to the curve slope, and W5,
corresponds to the ¥ at 50% loss of hydraulic conductivity.

In addition, ¥ at 12% loss of hydraulic conductivity (¥,
~ initial point of runaway embolism) was calculated accord-
ing to the following equations (see Domec and Gartner, 2001
for details):

2
Y,="+9
12 a 50

Pressure-volume analyses

Pressure—volume curves were carried out to determine the
turgor loss point (TLP) and osmotic potential at full turgor
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(I1,) of leaves (Bartlett et al 2014; Lenz et al. 2006). The
pressure—volume measurements were done on six leaves
taken from six trees for each cultivar and irrigation treat-
ment during growing season 2021. For the measurements,
current-year shoots were excised early in the morning before
the leaves started to lose water due to transpiration. The bot-
tom parts of the shoots were placed into a container with tap
water. The shoots were covered with a black plastic bag and
transported to the laboratory. One fully expanded leaf was
then cut from each shoot, and its fresh weight and leaf water
potential (¥} ) were measured at regular intervals while the
leaf was left to dehydrate on a laboratory bench. At the end
of the measurements, the leaves were oven-dried (80°C, 48
hours), and the relative water content (RWC) was calculated
from their fresh (FW), saturated (SW), and dry weight (DW)
at each desiccation point using the following formula:

FW - DW

RWC = ——— -2
SW —DW

100

The reciprocal value of ¥ (1/¥;) was then plotted against
relative water loss (RWL = 100-RWC), and TLP and II,
were derived separately for each measured leaf using a
standard approach in which the TLP is at the transition
of the linear and parabolic phases of the pressure—volume
curve and Il is the intersection of the linear portion of the
pressure—volume curve with the y-axis (Tyree and Hammel
1972; Bartlett et al. 2014).

Concentrations of glucose, sucrose, sorbitol,
and proline

For the measurements of osmolytes concentrations, mature
fully developed leaves were excised from the same shoots
as those used for the pressure—volume curve measurements.
An aliquot of fresh leaves was homogenized in 80% ethanol,
heated at 80 °C for 20 min, and centrifuged at 4500 rpm for
10 min. The supernatant was collected in a clean tube, and
the pellet was resuspended in 80% ethanol and reheated at
80 °C for 20 min. After centrifugation, the supernatants were
pooled. This step was repeated once more with 50% ethanol.

The content of proline was determined using ninhydrin
reaction method (Cross et al. 2006). The combined super-
natant was mixed with acidified ninhydrin reagent (1% nin-
hydrin, 59% glacial acetic acid, 20% ethanol, 20% distilled
water) and left incubated for 20 min at 95 °C. After rapid
cooling to 25 °C, the absorbance was read at 520 nm (Cintra
101, Dandenong, Australia). Proline (Sigma-Aldrich, Darm-
stadt, Germany) was used as a standard.

The content of soluble sugars (glucose, sucrose) and sugar
alcohol sorbitol in the combined supernatants was deter-
mined using UHPLC Infinity IT 1290 system (Agilent Tech-
nologies, Santa Clara, CA, USA) using a 6470 Series Tri-
ple Quadrupole mass spectrometer (Agilent Technologies;
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electrospray ionization, negative polarity) as detector. The
method used a BEH Amide column (2.1 mm X 150 mm,
2.6 um, Waters, Milford, MA, USA). An isocratic elution
program was used for chromatographic separation applying
a mobile phase comprising 20% of the mixture of 0.05%
formic acid in water and 80% of the mixture acetonitrile/
methanol (in 8:2 ratio). The flow rate was 0.4 mL min™'.
Ion source parameters: gas temperature 150 °C, gas flow
6 L min™', nebulizer 40 psi, sheath gas temperature 300 °C,
sheath gas flow 128 L min™!, capillary voltage 2500 V, and
nozzle voltage 0 V. The sample injection volume was 1 pL.
All standards used were purchased from Sigma-Aldrich
(Darmstadt, Germany).

Statistical analyses

The difference between cultivar and irrigation treatment
was evaluated using two-way ANOVA after graphically
checking the assumptions of normality and heteroscedas-
ticity by exploring boxplots and residual plots. As discrete
ordinal variable, the flowering intensity was analysed using
an ordinal regression. The difference in the proportions of
fruits divided in three fruit size categories was tested using
Pearson’s y test. In the case of variables measured repeat-
edly throughout the year (i.e. RGR, W, TLP, Il,, and the
concentrations of osmolytes), we used mixed effect models
with cultivar and irrigation as fixed factors and date as a
random factor. For RGR and ¥, the models were fitted
separately for each year. The models were fitted using Imer
function from the Ime4 package (Bates et al. 2015). All sta-
tistical analyses were performed in R (R Development Core
Team 2010).

Results
Microclimatic conditions

Out of the three years, the growing season of 2019 was the
driest and hottest, while the growing season of 2020 was
the wettest, particularly during the peak summer (Fig. 1a,
b). The mean daily reference evapotranspiration (ET,)) was
2.68 mm in 2019, 2.45 mm in 2020 2.30 in 2021 (Fig. 1b).
Maximal daily ET,, was 5.1 mm in 2019, 4.3 mm in 2020
and 4.8 mm in 2021, corresponding to vapour pressure defi-
cit (VPD) between 1.51 and 2.17 kPa. Available soil water
capacity (ASWC) was higher in irrigated (ETc-100) than in
non-irrigated (ETc-0) plots (Fig. 1¢). Two major periods of
soil water deficit, when ASWC decreased below 0.5, could
be detected during the first two studied growing seasons
(Fig. 1c). In 2019, soil water availability decreased gradually
in non-irrigated plots until early August, when substantial
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rainfall finally occurred. Another short dry period occurred
in April of 2020 but was followed by very wet May, June,
and July. Low soil water availability was also observed in
the late growing season of 2020 and 2021, but during these
periods, ASWC did not drop much below 0.75 (Fig. 1c¢).

Phenology and shoot growth

The bud break occurred at the end of March or early April
depending on year (Table 1). Full bloom occurred around
25th April in 2019 and 2020 and was delayed to around 15th
May in 2021 (Table 1). Shoot expansion started in mid-May
in all three years, but the dynamics of growth differed across
years and cultivars (Fig. 1d). In 2019, the shoot elongation
was rapid in May and June and the shoot growth was ter-
minated relatively early at the beginning of July (Fig. 1d).
In 2020 and 2021, the ‘Gala Brookfield’ cultivar showed a
marked slowdown in shoot elongation in June followed by
a more rapid expansion in July (Fig. 1d). The shoot relative
growth rates did not differ significantly between irrigated
and non-irrigated trees. The harvest dates varied between
9th and 24th September and leaf fall between 20th October
and 10th November (Table 1).

Midday stem water potential

The measured values of W, varied between — 0.2 and
— 1.6 MPa across dates, cultivars, and irrigation treatments
(Fig. le). In 2019 and 2021, ¥, differed significantly
between irrigation treatments, with irrigated trees hav-
ing less negative W, (Fig. le). The differences in ¥
between the irrigation treatments generally appeared later in
the season (i.e., in August). In 2019, the difference between
irrigated and non-irrigated appeared already in June in ‘Red
Jonaprince’ cultivar but not in ‘Gala Brookfield’. The differ-
ence between cultivars was significant in 2021 and margin-
ally significant (P = 0.067) in 2019, with ‘Red Jonaprince’
having more negative values of ¥, ,,. The lowest values of

around -1.6 MPa were observed in ‘Red Jonaprince’ in mid-
June and late July of 2019.

stem

Fruit yield

Both cultivars showed high flowering intensity (rang-
ing between 6.6 and 8.8) in 2019 and 2021 (Table 2). In
2020, the flowering intensity was only moderate (4.7-5.6)
and low (2.5-2.6) in ‘Gala Brookfield’ and ‘Red Jonap-
rince’, respectively (Tables 2, 3). Total yield and number
of fruits per TCSA were higher in ‘Red Jonaprince’ than
‘Gala Brookfield’ in 2019 and 2021, whereas the opposite
trend was observed in 2020. The effect of irrigation on yield
parameters was mostly non-significant (Table 3), but there
were some differences in the fruit size distribution between
irrigated and non-irrigated trees. In particular, the propor-
tion of large fruits was significantly higher in irrigated than
non-irrigated trees of both cultivars in 2019. In addition,
non-irrigated trees of ‘Gala Brookfield’ also had a relatively
high proportion (25%) of small fruits in 2019 (Tables 2, 3)
than the non-irrigated ‘Red Jonaprince’.

Xylem hydraulic traits

Hydraulic traits differed mainly between cultivars, but not
between irrigation treatments. The supported leaf area
scaled with xylem cross-sectional area in ‘Gala Brookfield’,
whereas such a relationship was not found in ‘Red Jonap-
rince’ (Fig. 2). ‘Red Jonaprince’ had significantly greater
vessel diameters than’Gala Brookfield” (P = 0.002), par-
ticularly in irrigated trees (Fig. 3a). The cultivars differed
significantly in ¥, values, with ‘Red Jonaprince’ starting
to lose hydraulic conductivity at less negative xylem water
potentials than ‘Gala Brookfield’ (Fig. 3b). There was also
a slight tendency for more negative ¥, values in irrigated
than non-irrigated trees; however, the difference was not
statistically significant (P = 0.081). W5, was statistically
different neither between cultivars nor between irrigation
treatments (Fig. 3c).

Table 1 Main phenology stages

for ‘Red Jonaprince” (1) and Year Cultivar Bud break Full bloom Eruits 20 mm in End of vegeta- Harvest  Leaf fall
. (BBCH10/54) (BBCH65) size tive growth (BBCH (BBCH
Gala Brookfleld' (G) cultivars (BBCH34/72)  (BBCHO1/81) 87) 95)
in years 2019-2021
2019 J 27-Mar 23-Apr 27-May 31-Jul 23-Sep 25-Oct
G 29-Mar 25-Apr 1-Jun 31-Jul 9-Sep 20-Oct
2020 J 1-Apr 23-Apr 2-Jun 30-Aug 24-Sep 10-Nov
G 2-Apr 24-Apr 8-Jun 20-Aug 21-Sep 5-Nov
2021 J 12-Apr 14-May 11-Jun 25-Aug 24-Sep 4-Nov
G 12-Apr 16-May 18-Jun 20-Aug 20-Sep 4-Nov

The phenology stages were assessed based on BBCH classification by Meier (1997)
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Table2 Number of measured trees (n), flowering intensity, annual
fruit yield, number of fruits per trunk cross-sectional area (TCSA)

and large) in control (ETc-0) and irrigated (ETc-100) trees of ‘Red

Jonaprince’ (J) and ‘Gala Brookfield’ (G) cultivars in years 2019,

and the proportion of fruit in three size categories (small, medium, 2020 and 2021
Year Treatment n  Flowering intensity Yield Fruit per Fruit size PEARSON X2
(kg tree™!)  TCSA (fruit -
em™?) mall Medium Large

2019  J-ETc-0 8 73+15 382427 15.8+1.7 0.083 0.528 0.389 4*=48.43,df=2, pval=3.052¢7"!
J-ETc-100 9 6.6+1.7 35+6.6 144422 0.09 042 0.49
G-ETc-0 10 83+05 28+4.7 16.7+2.7 0.256  0.432 0312  x*=273.04,df=2, pval=2.2¢"'°
G-ETc-100 10 7.8+0.6 25.6+54 163+3.1 0.108 0.333 0.559

2020 J-ETc-0 10 2.6+22 108+145 22+35 0.013  0.139 0.848 »*=57.13, df=2, pval =3.936¢ "
J-ETc-100 10 25+1.7 74472 2.1+35 0.129 0213 0.657
G-ETc-0 10 47+15 17+4.8 6.4+1.3 0.139  0.202 0.659  4*=20,33, df=2, pval=3.844e~%
G-ETc-100 10 56+1.2 189+3.1  9%1.5 0.207  0.207 0.586

2021  J-ETc-0 8 8.6+05 402+3.8 88+1 0.046 0.285 0.669 x*=26,12, df=2, pval=2.134¢%
J-ETc-100 8  8.8+05 403 +4 93+2.2 0.076  0.329 0.595
G-ETc-0 7 81x04 17.9+3.8  63+09 0.113 029 0.596 x*=6.89, df=2, pval=0.032
G-ETc-100 8 8.1+0.4 194+25 85+09 0.137  0.329 0.533

Results are shown as mean + standard deviation, n=7-10

The results of the Pearson’s 4 testing for the difference between irrigation treatments within each cultivar are shown in the last column

Table 3 Summary of two-way
ANOVA or ordinal regression
in case of flowering intensity
in which the effect of cultivar,
irrigation and their interaction
was tested at a level of
significance a=0.05

Pressure—volume analyses

Year Variable Cultivar Irrigation Cultivar X irriga-
tion
Fiy P-value Fiy P-value Fif P-value
2019 Flowering intensity 7.93 0.005 4.03 0.045 0.004 0.949
Yield (kg tree™") 33.02 <0.001 2.8 0.104  0.06 0.803
Fruit per TCSA (fruit cm™2) 3.00 0.093 1.1 0.309 0.34 0.567
Number of small fruits 12.67 0.001 15.0 <0.001 4.87 0.034
Number of large fruits 2.22 0.146 6.7 0.014  0.08 0.781
2020 Flowering intensity 18.12 <0.001 1.11 0.293  0.70 0.404
Yield (kg tree™") 10.54 0.003 0.1 0.794 097 0.332
Fruit per TCSA (fruit cm™?) 42.43 <0.001 2.1 0.156  2.70 0.109
Number of small fruits 19.13 <0.001 3.6 0.066 0.84 0.364
Number of large fruits 16.95 <0.001 0.3 0.609  0.90 0.35
2021 Flowering intensity 8.20 0.004 0.06 0.804 0.16 0.692
Yield (kg tree™") 285.44 <0.001 0.4 0.542  0.31 0.58
Fruit per TCSA (fruit cm™2) 9.61 0.004 6.8 0.015 3.20 0.085
Number of small fruits 1.28 0.268 4.4 0.045 0.18 0.677
Number of large fruits 131.15 <0.001 0.6 0.461 0.40 0.533

F values for two-way ANOVA or 4> value for ordinal regression (for flowering intensity) are shown

together with corresponding P values

Turgor loss point (TLP) and osmotic potential at full turgor
(ITy) were not significantly different between cultivars and
irrigation treatments (Fig. 4). Seasonally, TLP decreased by
0.6 MPa from — 2.8 MPa in June to -3.4 MPa in July and
August (Fig. 4a). The seasonal decrease was also evident in
I1,, for ‘Gala Brookfield’, whereas for ‘Red Jonaprince’, the
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1, decreased from June to July and then slightly increased
from July to August (Fig. 4b).

Concentrations of proline, soluble sugars
and sorbitol

‘Gala Brookfield® had significantly higher concentrations of
glucose, sucrose and sorbitol than’Red Jonaprince’ (Fig. 5).
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Fig.2 Relationship between xylem cross-sectional area and sup-
ported leaf area of annual shoot of non-irrigated (ETc-0) and irrigated
(ETc-100) apple trees of ‘Red Jonaprince’ (J) and ‘Gala Brookfield’
(G) cultivars. Data were fitted with linear functions. Results of the
Pearson’s correlation tests are shown

Moreover, the concentrations of glucose and sucrose were
significantly higher in non-irrigated control trees of ‘Gala
Brookfield’, while the opposite trend was observed in ‘Red
Jonaprince’ (Fig. 5a, b). For sorbitol, the effects of irrigation
and the interaction between cultivar and irrigation were non-
significant (Fig. 5c¢). There was also no statistically signifi-
cant difference in the concentrations of proline between cul-
tivars and irrigation treatments, although the concentrations
tended to be higher in non-irrigated trees (Fig. 5d). Also, the
cultivars showed distinct seasonal patterns in proline con-
centrations. While the proline concentration increased lin-
early in ‘Red Jonaprince’, it increased from June to July and
decreased slightly from July to August in ‘Gala Brookfield’.

Discussion

Irrigation is an important management practice in apple
tree orchards. Soil- and plant-based indicators are used for
efficient irrigation scheduling, but their threshold values
associated with the desired tree performance need to be
determined. In this study, we monitored yield performance,
shoot extension growth, and midday stem water potential in
irrigated (ETc-100) and non-irrigated (ETc-0) apple trees
of triploid ‘Red Jonaprince’ and diploid ‘Gala Brookfield’
cultivars during three consecutive growing seasons. The
study was carried out in the mesic temperate orchard with
substantial summer rainfall (Fig. 1a, b). Nevertheless, the
soil profile can become water depleted during spring and
summer and the site can experience periods of drought
if rainfall is scarce (Fig. lc, Jupa et al. 2022). From the
three measured years, none of them was exceptionally dry,

(a) War:
f:u!tlvar. P=0.002 B ETc-0
_ 30+ irrig: P=0.057 B ETc-100
€ cultivar®irrig: P=0.115
=
(@]
©
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>
-
o
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(b) cultivar: P=0.011
irrig: P=0.081
31 cultivar®irrig: P=0.433
©
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>
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54 irrig:P=0.297
cultivar®irrig: P=0.607
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o
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o
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Fig.3 a Mean shoot vessel diameter (D), b xylem potential at 12%
and ¢ 50% loss of hydraulic conductivity (¥;, and ¥s) in annual
shoots of non-irrigated (ETc-0) and irrigated (ETc-100) apple trees
of ‘Red Jonaprince’ (J) and ‘Gala Brookfield’ (G) cultivars. Columns
and error bars represent means and standard errors, n=6 for vessel
diameter, n=5 for ¥, and W5,

although all of them were hotter than the long-term average
(data by the Czech Hydrometeorological Institute, https://
bit.ly/3qF6jcQ). The year 2019 was the driest of the three
studied years, and the applied irrigation surpassed the natu-
ral rainfall. In contrast, the year 2020 was the wettest, and
substantial rainfall occurred in June and early July, result-
ing in a low irrigation requirement of 54 mm. Despite clear
differences in soil moisture between irrigated and non-irri-
gated plots (Fig. 1c), there was no major reduction in shoot
extension growth between the irrigated and non-irrigated
trees (Fig. 1d). As substantial drought can inhibit vegetative
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Fig.4 Seasonal time course of a leaf turgor loss point (TLP) and b
osmotic potential at full saturation (Ily) in non-irrigated (ETc-0) and
irrigated (ETc-100) apple trees of ‘Red Jonaprince’ (J) and ‘Gala
Brookfield” (G) cultivars. Points and error bars represent means and
standard errors, n=6

growth (Ebel et al. 1995), it is likely that the wet periods in
May provided enough water for shoot elongation. The bare
impact of water shortage on the shoot growth during early
July 2019 was associated with the early end of their exten-
sion growth. As suggested by the different growth dynamics
among years, the shoot growth was responsive to environ-
mental conditions with ‘Gala Brookfield’ showing possibly
higher susceptibility for growth reduction under wet and
cloudy weather (Fig. 1d).

We found significantly lower values of W, in non-irri-
gated than irrigated trees in two out of the three studied
growing seasons (Fig. 1e). The lower ¥, in non-irrigated
apple trees usually paralleled the decline in ASWC. The dif-
ference between irrigated and non-irrigated trees was not
significant only during the wettest growing season 2020. As
the W, of — 1.6 was recently considered critical for apple
fruit growth (DeSwaef et al. 2009; Robinson et al. 2022),
non-irrigated trees of both cultivars could be deemed mildly
drought-stressed during summer 2019. The effect of drought
could be associated with their lower proportion of large fruit
compared to the trees supported by irrigation (Tables 2, 3)
as the drought period was approximately two month long
and covered a significant part of the rapid fruit growth phase
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Fig.5 Concentrations of glucose (a), sucrose (b) sorbitol (¢) and pro-
line (d) in leaves of non-irrigated (ETc-0) and irrigated (ETc-100)
apple trees of ‘Red Jonaprince’ (J) and ‘Gala Brookfield’ (G) culti-
vars. Points and error bars represent means and standard errors, n=6

(Boland et al. 2002). Similar results showing a production of
smaller fruits under water deficit conditions were reported
for apple trees grown in semi-arid environment (Noar et al.
1995). The reduction of fruit size was more pronounced in
the diploid ‘Gala Brookfield’ cultivar that exhibited a higher
distance in the proportion of each class between the irri-
gated and non-irrigated trees (Table 2). As the diploid apple
cultivars bear naturally fruit of smaller size (Nikolaevich
et al. 2015; Sedov et al. 2017), they are more susceptible to
water deficit for maintaining the appropriate calibre. The
second drought period experienced in the spring 2020 seems
to bring no effect on the yield of apple trees. This suggests
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a lower susceptibility of apple tree yield parameters to a
mild drought experienced during early phenological phases
(i.e. bud break and flowering, Table 1). Previous research
has also shown that yield parameters of apple trees were
not negatively affected when water deficit occurred in late
season (105-183 days after full bloom) (Mills et al. 1996). In
addition, variation in yield, which was observed among the
years and between the two cultivars (Table 2), could be asso-
ciated with different water needs per tree. Higher crop load
is usually associated with higher rates of leaf gas exchange
(Palmer et al. 1997). On the other hand, trees with more
fruits have lower leaf area (Wiinsche et al. 2000) because
generative and vegetative growth is usually negatively
related (Forshey and Elfving 2011; Plavcové et al. 2022).
Thus, these relationships should be jointly considered when
devising deficit irrigation strategies for apple tree orchards.

‘Red Jonaprince® tended to have lower W, than ‘Gala
Brookfield’ (Fig. le), with non-irrigated trees of this culti-
var having the lowest seasonal W, in all three measured
growing seasons. ‘Red Jonaprince’ is a vigorously growing
triploid (Princen and Princen 1999), and it is possible that
the growth efficiency might compromise with drought safety.
Hydraulic safety vs. efficiency trade-off is a well-established
relationship in plant ecophysiology (Sperry et al. 2008;
Gleason et al. 2016). Out of the two measures of hydraulic
safety that we quantified in this study; the cultivars differed
significantly only in ¥,,, which relates to the onset of xylem
embolism in the current-year shoots (Fig. 3b). This result is
consistent with the findings of De Baerdemaeker et al. 2018
on tetraploid variant of ‘Gala’ compared to a diploid vari-
ant. The measured ¥, values, which were around —1.4 MPa
in ‘Red Jonaprince’, correspond roughly with the seasonal
minimum of W, suggesting that the level of drought stress
experienced by the trees was rather low. Indeed, the ¥,
values, which correspond to 50% loss of conductivity, were
in arange of — 3.5 to — 3.9 MPa (Fig. 3c), far lower than the
seasonal minimum of ¥,,,. The ¥s, values measured here
are in good agreement with those measured by Beikircher
et al. (2013) in three different apple cultivars grown in north-
ern Italy. Similar W5, values were also obtained in an apple
progeny derived from a ‘Starkrimson’ X ‘Granny Smith’
cross (Lauri et al. 2011), although the range of variation
was broader (from — 3.3 to 5.2 MPa) in this case. In general,
the ¥s, value of — 3.5 MPa is rather low for representatives
of temperate angiosperm tree species and points to a high
embolism resistance of apple trees.

Reduction of leaf area and stomatal closure, which limit
the onset of runaway embolism, may provide other drought-
coping mechanisms in apple trees (Lauri et al. 2016). We
found that the leaf area of ‘Red Jonaprince’ shoots did not
scale with the xylem cross-sectional area (Fig. 2), which
might have resulted in a worse water supply to evaporating
leaves (Petit et al. 2018). On the other hand, the shoot xylem

of ‘Red Jonaprince’ cultivar had significantly larger vessel
diameters (Fig. 3a) and hence, likely higher xylem-area-
specific hydraulic conductivity compared to ‘Gala Brook-
field’. In addition, the non-irrigated trees had slightly lower
vessel diameters (P = 0.075) than irrigated ones (Fig. 3a) in
‘Red Jonaprince’ but not in ‘Gala Brookfield’. The adjust-
ment of vessels diameter to the water supply is a well-known
response in trees (Fichot et al. 2010; Plavcova and Hacke
2012; Jupa et al. 2021) and likely results in the optimiza-
tion of water transport efficiency and safety against drought-
induced embolism under given field conditions (Hacke et al.
2017).

Similarly, the turgor loss point (TLP) in the range of
— 2.6 to — 3.5 MPa (Fig. 4a) is relatively low for a temper-
ate angiosperm species as a comprehensive meta-analysis
found a mean TLP value of — 1.6 MPa for this plant group
(Bartlett et al. 2014). Both TLP and osmotic pressure at full
saturation (I1,) declined substantially from June to July, but
then stayed about the same in August (Fig. 4). The shift in
TLP from June to July was in the magnitude of -0.6 MPa,
which is a slightly higher value than what was found across
283 wild and crop species globally (Bartlett et al. 2014). In
contrast to the seasonal osmotic adjustment observed in our
study, there were significant differences in neither TLP nor
[T, between cultivars and between irrigation treatments. The
lack of TLP and I, shifts in trees without irrigation is some-
what surprising and indicates that the non-irrigated trees did
not acclimate their wilting point towards greater soil water
deficit. A possible explanation for this observation could be
that the water deficit was not so strong even in non-irrigated
trees to elicit changes in pressure—volume relations of leaves.

While we did not observe differences in TLP and II,
between cultivars and irrigation treatments (Fig. 4), there
were significant differences in the concentrations of some
osmolytes (Fig. 5). The increase in concentrations of sol-
uble sugars (Fig 5a, b), and to a lesser extent of proline
(Fig. 5d), in non-irrigated trees was more apparent in ‘Gala
Brookfield’ cultivar, while ‘Red Jonaprince’ showed slightly
higher concentrations of osmolytes in irrigated trees (except
for proline). This wide range of responses is perhaps not
surprising given the numerous roles that these compounds
fulfil in plants. The changes in water-soluble sugars and
sugar alcohols, mostly glucose, sucrose, and sorbitol, can
be a result of the regulation of sugar metabolism between
storage and export. Here and in other studies (Yang et al.
2019; éircelj et al. 2007), sorbitol was the main photosyn-
thetic assimilation compound in apple leaves and showed a
higher accumulation than the two analysed soluble sugars.
Thus, sorbitol rather than sucrose is preferentially accumu-
lated in drought-stressed plants and acts as storage of carbon
(Yang et al. 2019). On the other hand, sucrose represents a
more accessible form of sugar than sorbitol and can be easily
degraded to hexose molecules to maintain sufficient turgor
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(Yang et al. 2019). Moreover, sucrose may act as a signal-
ling molecule and participate in the crosstalk between hor-
monal, oxidative, and defence signalling (Ruan 2014). The
vast majority of studies focusing on the analysis of proline
levels were carried out in greenhouses and in short-term arti-
ficially induced drought conditions. In these studies, drought
significantly increased proline values, with this effect being
more pronounced in drought-tolerant cultivars (Yang et al.
2019; Jiménez et al. 2013). The concentration of proline also
increased with drier and hotter weather conditions in the
field-grown apple trees (Nenko et al. 2018). On the contrary,
proline levels were not significantly affected by irrigation in
two-year-old orchard apple trees (§ircelj et al. 2007). The
increase in proline content in our study may not only be
directly related to its role as an osmolyte but may also reflect
its role in balancing the cell redox status via stabilisation
of cell membrane and proteins and scavenging of reactive
oxygen species (Verbruggen and Hermans 2008).

While the measurements of yield, shoot growth and
¥, .m Were carried out during three consecutive seasons, the
measurements of xylem hydraulic traits, pressure—volume
analyses of leaves and the measurements of concentrations
of osmolytes in leaves were carried out only during a sin-
gle growing season, leaving a possibility that these traits
may vary slightly as a result of phenotypic and/or devel-
opmental plasticity (Plavcova and Hacke 2012; Lauri et al.
2016; Sorek et al. 2021). Thus, repeated measurements of
these traits would be useful to set more robust physiological

boundaries to observed ¥, values.

Conclusions

The results of our irrigation study carried out at the wetter
edge of the moisture availability gradient indicate that yield
parameters and shoot growth of the two apple tree culti-
vars were quite robust against mild water deficit. Only in
one of the three studied years we identified a reduction in
fruit size in non-irrigated trees. The triploid cultivar ‘Red
Jonaprince’ favoured hydraulic efficiency against hydraulic
safety, making it potentially more susceptible to hydraulic
failure if the water deficit becomes more severe than what
was observed in the current three years. The diploid cultivar
‘Gala Brookfield” adopted a more conservative strategy with
its growth and yield parameters being more responsive to
environmental conditions.
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