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ABSTRACT

In trees, xylem conduits transport water from roots to leaves. Conduit walls represent
resistance to water transport, which accumulates with transport pathway length. To
counteract, conduit dimensions increase with distance from the treetop (dieep). Water travels
between conduits via pits. Little is known about the scaling of pits along the water transport
pathway. Larger conduits and pits conduct more water but are more vulnerable to hydraulic
failure. Furthermore, conduit formation is sensitive to environmental conditions, which may
affect conduit numbers and dimensions.

This thesis aimed to a) bring evidence on within-tree variation and coordination of conduit
and pit dimensions, particularly their scaling along the water transport pathway, b) explore
interspecific differences, and ¢) better understand effects of environmental conditions on the
timing of conduit formation phases and on conduit and pit dimensions.

We analyzed conduits and pits from inner to outer tree rings at breast height and from
treetops to coarse roots in outer rings in Scots pine, Norway spruce, and silver birch on sites
with different growing conditions. We also analyzed the timing of conduit formation phases
in pine and spruce along a latitudinal gradient. We used light and scanning electron
microscopy to study conduits and pits.

Conduit and pit dimensions scaled with dyeerp indicating that their coordination along the
water transport pathway is crucial for the survival of both conifers and angiosperms. Scaling
but not coordination deviated in roots. In conifers, pit functional properties differed between
sites and species, indicating that the relative size of torus and pit aperture may be particularly
important for hydraulic safety. Lower latitudes and warmer years enabled longer conduit
formation phases and a greater number of conduits. Thus, global warming may enhance wood
production in boreal forests until another factor than temperature becomes limiting.

Key words: Betula pendula, inter-conduit pits, Picea abies, Pinus sylvestris, wood formation,
xylem conduits
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1. BACKGROUND

Trees are woody plants with life-long primary and secondary growth. Primary growth is the
elongation of stems (incl. branches) and roots by cell division in apical meristems, whereas
secondary growth is the radial thickening of stems and roots originating from cell division in
the cambium, which allows trees to form new layers of wood (xylem) and living bark
(phloem). Trees and forests provide many ecosystem services. The secondary growth of trees
produces wood, a much-needed material for human society. Wood formation sequesters
carbon from the atmosphere, as the walls of the wood cells are made of cellulose,
hemicelluloses, and lignin, and thus may help to slow down global warming.

For trees, the ability to grow both in length and in diameter has many implications. Some
tree species can grow stems over 100 m tall. Tree xylem needs to transport water and nutrients
all the way from the soil to the treetop and distal leaves (Sperry et al., 2008), where it is
needed for photosynthesis, growth, and thermoregulation (e. g., Kramer and Kozlowski,
1960; Michaletz et al., 2015). Water transport happens passively through conduits, which are
walls of dead cells. It is initiated by transpiration of water from stomata in leaves, which then
pulls up the chain of water molecules that connects the leaves with the roots and soil via the
xylem (Cochard, 2006; Dixon and Joly, 1895; Venturas et al., 2017). When the leaves
transpire, the water column in the xylem is under tension, which makes it susceptible to
hydraulic failure, i. e., embolism (Cochard, 2006; Dixon and Joly, 1895).

The primary growth increases the length of stems and roots, i. e., the water pathway
length. To compensate the accumulating hydraulic resistance caused by conduit walls, the
new xylem conduits produced by secondary growth need to adjust to their location along the
water pathway length, so that a sufficient and safe water supply to all living cells is ensured
(e.g., Anfodillo et al., 2013; Olson et al., 2021). This becomes further complicated when
taking into account environmental conditions. For example, light, temperature, and water and
nutrient availability can affect both tree growth and the tension of the water column in the
wood cells.

The potential adjustability of tree growth and xylem ultra-structures to environmental
conditions may be of critical importance for the productivity and survival of trees under
climate change.

1.1 Structure of xylem conduits and inter-conduit pits

Xylem conduits are pipe-shaped walls of dead cells, made from cellulose and lignin
(Cochard, 2006). Conifers, like our study species Picea abies and Pinus sylvestris, have only
one conduit type in their xylem, tracheids (Figure 1), which are unicellular and thus restricted
in their dimensions to up to 15 mm length (Kramer and Kozlowsky, 1960). Tracheids are
responsible for both water transport and mechanical support of the tree.

Angiosperms, like our third study species Betula pendula, have several types of conduits.
Vessels are multi-cellular, i. e., several cells stacked on each other, and in the case of B.
pendula, separated by scalariform perforation plates (Figure 1 and 3). Vessels can thus be up
to several meters long (Cochard, 2006), and their function is water transport. Besides vessels,
many types of imperforate tracheary elements (/7E; Sano et al., 2011) occur in the xylem of
angiosperms (Olson, 2023). /TE are similar to tracheids of conifers; unicellular and lack
perforation plates. They are thus shorter and thinner than vessels, though the ranges of their
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Figure 1. Example images of xylem cross sections of Pinus sylvestris, Picea abies, and
Betula pendula at 1 and 800 cm distance from the treetop. Indicated structures are a)
tracheids, b) rays, c) resin ducts, d) parenchyma, e) latewood (i. e., radially flattened

conduits), f) vessels, g) fiber-tracheids, h), scalariform perforation plates. All images have
the same magnification.



dimensions can overlap (Figure 1). Their main task is mechanical support, though some types
of ITE may contribute to water transport (e. g., Olson, 2023; Sano et al., 2011). The type of
ITE found in B. pendula are fiber-tracheids (commonly called fibers), which are usually non-
conductive (Olson, 2023). However, we do not exclude the possibility that some /7E in B.
pendula contribute to water transport.

In both conifers and angiosperms, the length of one conduit is finite. Thus, to fulfill their
purpose of water transport, the conduits are connected via bordered pits. However, pits
represent a major part of the resistance to water flow within the xylem (Choat et al.,2008;
Domec et al., 2006).

A bordered pit consists of two borders, i. e., oval cell-wall protrusions in each of the
connected cells, with an aperture, and a pit membrane that is located in between the two pit
borders (Figure 2). Conifers and angiosperms exhibit contrastingly different pit designs. First
of all, the pits of conifers are larger, in study II by approximately an order of magnitude.
Furthermore, in the conifer species P. sylvestris and P. abies, the pit borders and apertures are
usually oval, whereas in the angiosperm species B. pendula, the pit apertures are elongated
(Figure 2; Carlquist, 2001). Lastly, the pit membrane of our conifer species has a central
thickening, the torus, which is relatively air-tight and can seal off the pit aperture, and an
outer web-like part, the margo, which has large pores (Figure 2; Hacke et al., 2004; Jacobsen,
2021). Angiosperms like B. pendula exhibit a homogeneous pit membrane which is a sponge-
like matrix made up of many layers, and thus the membrane pores are intricate networks of
constrictions (Figure 3, 4; Kaack et al., 2019; Kaack et al., 2021; Zhang 2019).

1.2 Function of xylem conduits and inter-conduit pits

The hydraulic efficiency and safety are dependent on the number and dimensions of conduits,
pits, and pit ultra-structures. According to the Hagen-Poiseulle’s law, water flow changes
with the 4" power of diameter (Sperry and Hacke, 2004; Zimmermann, 1983). Thus, larger
conduits, pit membrane pores and pit apertures enable higher water flow. However, larger
conductive structures also facilitate the spread of embolism, i.e., air bubbles blocking water
transport. The relationship between conduit diameter and vulnerability to embolism is likely
indirect. Furthermore, the role of conduits and pits in embolism vulnerability differs
depending on the environmental conditions causing embolism, i.e., between freeze-thaw
included embolism and drought induced embolism.

During freezing, gasses that were dissolved in the liquid water form bubbles (Hammel,
1967). If these bubbles are large enough, they will embolize the conduit if a large enough
tension is developed during thawing (Sperry & Sullivan, 1992). Thus, the higher vulnerability
of wider conduits towards freeze-thaw embolism is possibly due to larger gas volumes
dissolved in the water prior to freezing, which then form larger bubbles upon freezing
(Pittermann & Sperry, 2003, 2006; Sperry & Sullivan, 1992). However, freeze-thaw induced
embolism is not yet fully understood as recent evidence from micro-CT shows (Lintunen et
al., 2022; Charra-Vaskou et al., 2023).

Drought-induced embolism happens when the tension in the water column of a conduit
becomes so high that it ruptures. One way this could happen could be due to a collapsing
conduit wall (Hacke et al., 2001). Thus, one factor for hydraulic safety against drought-
induced embolism is the ratio of double cell wall thickness to conduit diameter (e.g., Bouche
et al., 2014; Echeverria et al., 2022; Hacke et al., 2001). Another very important way of
drought-induced embolism happens by air bubbles seeding from a previously embolized
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Figure 2 (facing page). Example images of xylem radial sections of Pinus sylvestris, Picea
abies, and Betula pendula at 1 and 800 cm distance from the treetop. Indicated structures
are a) pit aperture, b) pit border, c) margo (web-like part of pit membrane in conifers), d)
torus (central thickening of pit membrane in conifers), €) homogeneous pit membrane
(typical for angiosperm pits), f) scalariform perforation plate (typical for some angiosperms).
Note that images Pinus sylvestris at 1 cm and Picea abies at 1 cm were taken at a higher
magnification than the other images.

conduit into a water transporting one through the pits. The air bubble will then expand and

block also this conduit from further water transport. Therefore, a possible link between
drought-induced embolism and conduit diameter is the rare-pit hypothesis. Larger conduits
likely have bigger (Zambonini et al., 2024) and or/more pits, and thus a higher likelihood to
have a leaky pit pore, or an increased interface for air-transport between conduits (e. g., Guan
et al., 2021; Jacobsen et al., 2019; Larter et al., 2017; Plavcova et al., 2013; Wheeler et al.,
2005).

In both conifers and angiosperms, pits are designed to allow high water flow between
functional conduits while preventing air seeding when one conduit is embolized. Though the
functional groups are dealing with the efficiency-safety tradeoff in very different ways.

In conifer pits, the pit aperture and large margo pores enable high water flow between
two functional conduits. If one conduit is embolized, the pit membrane moves towards the
border of the functional conduit, a passive movement due to the pressure difference between
the air-filled and the functional conduit, and the torus seals off the pit aperture against air
seeding. However, if the pressure difference between the conduits gets too high, the seal
breaks. Several ways of air-seeding through aspired conifer pits have been proposed
(Cochard, 2006; Jansen et al., 2012). The air-tightness of the pit seal likely depends on the
relative sizes of the margo, torus, and pit aperture, as well as on the smoothness of the pit
border surface and possible pores in the torus (Bouche et al., 2014; Delzon et al., 2010; Jansen
et al., 2012). A large margo relative to the torus (margo flexibility) makes the pit membrane
more flexible and thus allows the torus to aspire properly, and a large torus relative to the pit
aperture increases the tightness due to a higher overlapping surface (torus overlap; Delzon et
al., 2010; Hacke et al., 2004). Delzon et al. (2010) found a high correlation of the valve effect
(margo flexibility x torus overlap) and hydraulic safety.

Also in angiosperm pits, pit aperture size and the number and sizes of pit pores increase
water flow. As the pressure difference necessary for air to seed from an embolized to a
functional conduit is lower for larger pores (Mayr et al., 2014; Zimmermann, 1983), the
hydraulic safety of an angiosperm pit may depend on the pore with the largest minimum
restriction within the membrane layers. The likelihood of a large minimum pore restriction is
affected by the pit membrane thickness (i. e., the number of membrane layers and thus
restrictions in a pore), the number of pores in the pit membrane, and the pit membrane area
(Kaack et al., 2021; Wheeler et al., 2005). The likelihood of a leaky pit within a vessel
possibly depends on the number of pits per vessel or the pit membrane area per vessel area
(i. e, again, likelihood of a leaky pore; Kaack et al., 2021; Wheeler et al., 2005). It is unknown
if the pit aperture size plays a role in hydraulic safety of angiosperm pits.

Another factor for hydraulic safety in angiosperms like B. pendula, is the vessel lumen
fraction (VLF). The VLF tells how much of a xylem cross sectional area is occupied by
vessels (versus other cell types including fiber-tracheids; Avila et al., 2023). A high
percentage of vessels means that there are larger and/or more vessels. Thus, the vessels
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Figure 3. Close up of a pit membrane in Betula pendula showing pit membrane pores.

occupy more xylem area, and the probability that they are occurring in groups is higher.
Therefore, a higher VLF is beneficial for hydraulic efficiency but may also decrease hydraulic
safety. If vessels are often grouped, there are more pits and a higher likelihood of a leaky pit.
If vessels are not directly connected, both water and air would need to cross fiber-tracheids
to get from one vessel to the next (Avila et al., 2023; Cai et al., 2014; Guan et al., 2021). If
there are low-conductive fiber-tracheids, they would be a low-efficiency but high-safety
alternative to connect vessels rather than directly via pitted end-walls (Sano et al., 2011).

1.3 Scaling of xylem structures with distance from the treetop

Conduit walls present resistance to water flow (Ryan and Yoder, 1997), but pits can make up
over 50 % of the total resistance within the xylem (Choat et al.,2008; Domec et al., 2006).
These resistances accumulate as trees grow in height (Ryan and Yoder, 1997). However, trees
counteract this pathway length resistance by widening their conduits with distance from the
treetop (dieerop; €.2., Kiorapostolou et al., 2020; Lazzarin et al., 2016; Lintunen and
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Figure 4. Schematic drawing of a stained xylem cross section indicating conduit formation
phases.

Kalliokoski, 2010; Prendin et al., 2018b; Zambonini et al., 2024). Thus, there are small
conduits with high hydraulic safety at the treetop, the place with the most negative water
potential (Venturas et al., 2017), and larger conduits at the tree base, where high hydraulic
efficiency is needed. In spite of the important role of pits for both hydraulic resistance and
hydraulic safety, little is known about the coordination of conduit and pit dimensions along
the water transport pathway. There are only a few studies on the coordination of conduit and
pit traits at different dyeerp (Christof et al., 2020; Losso et al., 2018). To our knowledge there
are only two studies which researched the scaling of pit dimensions with djeerp in a total of
three conifer species (Lazzarin et al, 2016; Zambonini et al., 2024), only one of them
exploring inter-specific differences, and none including pit functional properties, which are
crucial for hydraulic safety in conifers (Camarero et al., 2026; Delzon et al., 2010). To our
knowledge, there is only one study, where the scaling of pit membrane area per conduit was
analyzed in one angiosperm species (Kreinert et al., 2025). Furthermore, there is no study
exploring the scaling of pits in either functional group including roots.

Furthermore, it is unclear how flexible the scaling pattern of conduit and pit dimension
(and thus hydraulic functions of the xylem) is under varying environmental conditions (Petit,
2024), because anatomical and hydraulic traits are often measured without recording the
distance from the sample to the treetop or branch apex. Analyzing conduits in Xylem samples
from breast height may lead to the conclusion that trees in unfavorable conditions for growth
have smaller conduits, as they are often shorter than trees in more favorable habitats (Olson
etal., 2021).

1.4 Formation of conduits
In temperate (study 1) and boreal forests (study II and III), the cambium, i. e., the layer of

dividable cells in the stem, has an annual cycle of active and dormant phases due to winter
(Schweingruber, 2007). Thus, the tree species in our studies form annual xylem rings in
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which the conduits formed early in the growing season have wide lumina and thin walls, and
those at the end have thin lumina but thick walls (Figure 1; Schweingruber, 2007). The width
of the annual rings, i. e., the growth rate, differs between years according to variation of
environmental factors, like temperature, moisture, and light (Schweingruber, 1993).
However, environmental factors can have different effects on wood growth depending on the
season (e.g., Lebourgeois et al., 2010; Pichler and Oberhuber, 2007). Thus, to better
understand the effect of environmental conditions on conduit formation, as well as on
resulting conduit numbers and conduit dimensions, it is necessary to investigate not only the
final tree ring width, but the timing and duration of the different conduit formation phases.
Also, environmental conditions may have different effects on shoot elongation and thus on
the scaling of conduit and pit dimensions during different conduit formation phases.

Environmental conditions may affect the annual ring width via the conduit number and
the conduit width. The conduit number is determined by the cell division in the cambium,
whereas the size of a conduit is determined during the conduit formation phases that follow
cell division, which are 1) cell enlargement, 2) wall thickening and lignification, and 3)
matured (i. e., cell death; Figure 4). Both the timing and the rate of each phase respond to
internal and external conditions in complex ways. Temperature, light, and water availability
are the most important factors influencing the timing and rate of wood formation phases in
Northern Hemisphere conifers (e.g., Butto et al., 2021b; Cuny et al., 2016; Huang et al. 2020;
Jyske et al., 2014; Rossi et al., 2016).

Huang et al. (2020) found for Northern Hemisphere conifers that light and temperature
are the primary factors for the onset of conduit formation, whereas water availability plays a
secondary role. Conduit formation occurs above a certain temperature threshold, which varies
between tree species and environments (e.g., Anfodillo et al., 2012; Deslauriers et al., 2008;
Jyske et al., 2014). Thus, in spring and early summer, warm temperatures affect cambial
activity and phase I positively in temperature-limited regions such as high latitudes and
altitudes (Wodzicki et al., 1971; Lenz et al., 2013). Furthermore, phase I needs water to create
turgor pressure for cell enlargement (Cosgrove, 1997), potentially affecting conduit diameter.
The timing of bud burst matches the onset of xylem differentiation, which means that shoot
elongation and phase I are closely related (Butto et al., 2021a; Fajstavr et al., 2019). Phase 11
is positively affected by temperature and available carbohydrates, linked to light availability,
because cell wall formation is material demanding and requires high enzymatic activity
(Cuny et al., 2015; 2016).

Besides the environmental factors that during the growing season, conduit formation
responds also to conditions occurring outside the growing season. In winter, warmer
temperatures may affect conduit formation in the following spring negatively in species
which require cold temperatures to break the winter dormancy (Delpierre et al., 2019). On
the other hand, warm temperatures outside the conduit formation period may enable
evergreen conifers like P. abies and P. sylvestris to accumulate sugar through photosynthesis
(Jyske et al., 2014; Kulmala et al., 2019), which can be used in the next growing season. To
understand the environmental plasticity of xylem formation, and its effects on conduit
number and size, we need to investigate the effect of growing conditions on the conduit
formation phases.
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2. OBJECTIVES

I investigated the dimensions of xylem conduit and inter-conduit pits, from inner to outer tree
rings at breast height (Study I), and along the water transport pathway from the treetop to the
coarse roots (Study II). Furthermore, I explored the intra-annual growth dynamics of conduit
formation (Study III). The research was conducted on mature trees of two conifer species, P,
sylvestris (studies I — III) and P. abies (studies II — III), and one angiosperm species, B.
pendula (study II). With this thesis I aimed to bring new evidence for the scaling and
coordination of conduit and pit dimensions with distance from the treetop in both conifers
and angiosperms, and possible differences between species and environments (Figure 5).
Furthermore, I aimed to better understand the intra-annual dynamics of conduit formation
under varying environmental conditions in conifers (Figure 5).

Study I aimed to a) explore differences in conduit and pit traits between trees from two
sites that were of similar height but experienced different growing conditions, and to b) better
understand the within-tree variation and coordination of conduits and pits. We hypothesized
that (1) trees on the growth limited site had a higher hydraulic safety than trees on the
favorable site particularly thanks to adjusted pits, and (2) conduits and pits scale with distance
from the treetop, i. e., at breast height from inner to the outer tree rings, increasing the
hydraulic efficiency.

Study II aimed to a) shed new light onto the dierp-scaling and coordination of conduits
and pits, b) study if the scaling of conduits and pits can adjust to growing conditions, c)
explore possible differences in scaling patterns between the studied species. We hypothesized
that 1) conduits and pits scale in a coordinated way with distance from the treetop, 2) that
site conditions, which cause different growth rates also affect the scaling patterns, at least
that of pit functional properties in conifers, and 3) that there are differences in scaling patterns
of conduits between angiosperm and conifers, and of pits between the studied conifer species.

Study III analyzed a) how the dynamics of conduit formation phases vary with latitude
and temperature sum, and b) the relationship between these dynamics with the final number
of conduits and radial increment. We hypothesized that 1) at lower latitudes and higher
temperature sums, the onset and cessation of wood formation phases occur earlier and later,
respectively, resulting in longer durations, and 2) extended wood formation phases correlate
with a higher final number of conduits and radial increment. This study was a follow up to
Jyske et al. (2014), who analyzed the onset and cessation of conduit formation across a
latitudinal gradient through Finland, but not the dynamics of each conduit formation phase.

3. MATERIAL AND METHODS

3.2 Sites and material

For Study I, we sampled mature P. sylvestris trees from two sites situated in the Eastern Alps
west of Innsbruck (Austria; Figure 6). Due to different types of rock bed and a precipitation
gradient, the sites differed in nutrient and water availability, which was visible as different
growth rates of the sampled trees (tree ring width 727 + 15 mm vs. 2,724 + 135 mm; p <
0.05).
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Figure 5 (facing page). Conceptual Figure over the three studies included in this thesis.
Arrows with dashed lines indicate variation of xylem traits within trees, i.e., from inner to
outer tree rings in Study |, and from treetop downwards in study Il. The arrow with solid line
in Study Ill indicates temporal changes, i.e., the development of conduits. Black boxes
symbolize sampling. Differently shaded hills indicate study sites with different growing
conditions.

For study II, we sampled mature trees of P. sylvestris, P. abies, and B. pendula from two
sites situated around the Hyytiéld forest station (southern Finland; Figure 6) with slightly
different growing conditions as indicated by forest types as classified by Cajander (1949).
The growth rate of the trees (measured as basal area increment, BAI) differed between the
sites.

For study III, we worked with pre-existing data that were collected from mature P.
sylvestris and P. abies trees growing on six sites along a latitudinal gradient from N 60 ° to
67.5 ° through Finland and Sweden (Figure 6). The sites furthermore differed in altitude from
30 m a. s. 1. in the south to 390 m a. s. 1. in the northernmost site.

3.2 Sampling design

For Study I, we chose ten P. sylvestris trees of similar height per site and sampled two
increment cores per tree at breast height (1.3 m; Figure 5) from the south facing site of the
trunk in late 2017 and early 2018. After analyzing the tree ring widths, we extracted every 5%
to 10" tree ring, moving from the most recently formed tree ring inwards, for microscopical
analysis of conduit and pit dimensions.

For Study II, we selected 4 trees per species and site to sample tree cores at breast height

and measured the distance of those samples from the treetop in 2020. In 2021, we felled three
pines, one spruce and one birch per site. From those trees we took xylem samples (stem
segments, root segments, or increment cores) at several positions along the water transport
pathway from the treetop to the coarse roots (Figure 5). In the stem, we sampled at distances
1 cm, 10 cm, 1 m, 4 m and 8 m from the treetop. See the publication for more details on the
samples. We extracted the outermost tree rings, for which the distance from the concurrently
formed treetop was known, for microscopical analysis of conduit and pit dimensions.
For study III, micro-cores were sampled at breast height with regular intervals throughout
the growing season (Figure 5) for two to six years (2007 — 2012) on each site. The interval
differed between sites, years, and seasons (early growing season vs. late growing season).
From these micro-cores, cross sections were produced for microscopical analysis of conduit
formation phases.
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3.3 Analysis of conduit and pit dimensions

For both Study I and Study II, we used the xylem samples to prepare cross-sections for
conduit analysis using light microscopes and radial sections for pit analysis using scanning
electron microscopes (SEM). In study I, we produced cross-sections of 30 um thickness using
a sledge microtome (Sledge Microtome G.S.L. 1, Schenkung Dapples, Zurich, Switzerland),
and in study II we used a cryo-microtome for the samples from 2020 (Cryostat Leica CM
3050 S, Deer Park, IL, USA) and a sledge microtome (WSL Lab-Microtome, Schenkung
Dapples, Ziirich, Switzerland) for the samples from 2021. After cutting, we stained the cross-
sections with Etzold’s or safranin solution to increase the contrast between conduit walls and
lumina. Finally, we mounted the sections onto microscopic slides using water, and in study
II, sealed the cover glass with nail-polish, before taking pictures using a light microscope
(Study I: Olympus BX41, Olympus Austria, Wien, Austria; Study II: Olympus CX31,
Olympus Optical Co., Tokyo, Japan) at 10 x magnification attached to a digital camera (Study
I: ProgRes CT3, Jenoptik, Jena, Germany; Study II: Olympus SC30, Olympus Optical Co.,
Tokyo, Japan). The pictures taken for study I had a size of 2048 x 1536 pixels and a resolution
of 3.1 pixels/pm. Those for study II had a size of 1024 x 768 pixels and a resolution of 1.58
pixels/pum.

Then, we used the software image-J 1.45 or 2.14.0 (National Institutes of Health,
Bethesda, MD, United States) for image analysis. We selected a minimum of five
representative radial files within the xylem ring and measured the conduit lumen areas of all
conduits (Figure 7), i.e., including earlywood and latewood, and, in birch (study II), including
both vessels and fiber-tracheids. From the conduit lumen areas, we calculated the mean
conduit diameter, the hydraulic mean conduit diameter (Dy) as Xd°/Zd*, where d, is the
diameter of each analyzed conduit (Sperry and Hacke, 2004). The D;, is an important trait for
indicating the hydraulic efficiency of a xylem sample cross section, because it divides the
conduits of a xylem sample into 50 % share of the hydraulic conductance, i.e., half of the
water is conducted by conduits wider than the D (Sperry and Hacke, 2004). Also, the
pressure causing a 50 % loss of hydraulic conductivity is the air seeding pressure of a conduit
of D; (Sperry and Hacke, 2004). In B. pendula, we additionally measured the mean vessel
diameter, mean fiber-tracheid diameter, and vessel-lumen-fraction (VLF) as ) v./xylem, *
100, where v, is vessel area and xylem, is the analyzed xylem area (Avila et al., 2023). Then,
in samples of all species, we measured the conduit diameter (B) and double cell wall thickness
(T) from up to 10 conduits within D, + 4 — 6 um in conifer samples and D, =5 —40 um in
B. pendula samples (Figure 8) and calculated the cell wall reinforcement as (7/B)* (Hacke et
al., 2001).

For preparing the radial surface of the sample (needed for pit analysis), we used the same
microtome as for conduit analysis to produce cuboid sections of approximately 5 * 5 * 2 mm
in study I. In Study II, we used the cryo-microtome to produce similar sections for some of
the samples, while for the remaining samples, we used hammer and blade, to expose more
pit membranes (Jansen et al., 2008). If the wood samples were large enough), we produced
cuboids as in study I, but in the case of treetops and small roots, the dimensions of the sections
differed. In each case, we smoothened both radial surfaces of the cuboids and mounted them
onto aluminum studs. We applied conductive glue to the cross-sectional edges of the samples,
and after drying, sputtered them with gold (study I) or platinum (study II). In study I, we
measured the pit dimensions directly with the SEM (SEM model XL 20, Philips, Amsterdam,
Netherlands) and noted the values manually and could only take a few example images. In
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study II, we took images with the SEM (Quanta FEG250 SEM, FEI™, Hillsboro, OR, USA)
for later measurement of the pit dimensions.

As for conduit analysis we used image-J to measure the pit dimensions. In the conifer
samples, we measured the diameters of the margo (Du), torus (D;), and pit aperture (D,).
From these we calculated the functional properties margo flexibility (¥ = (D - D;) /D), torus
overlap (O = (D, - D), /D;) and valve effect (Vr= F * O) according to Delzon et al. (2010).
In the birch samples, we measured, depending on what we saw, the pit border area (4s), pit
aperture area (A4,), and pit aperture length (L,), or the pit membrane area (4,). We also
measured the cell wall area covered by the analyzed pits and then calculated the ratios of pit
border area per vessel wall area (D A»/A,), pit membrane area per vessel wall area (3 A./A4.;
Lietal.,, 2019), or pit aperture area per vessel wall area (3 44/4,; Li et al., 2019). See Figure
9 for examples of the measured dimensions. See table 1 for variable names and abbreviations.

For more example images of conduits and pits analyzed in Study II, see
https://doi.org/10.5281/zenodo.15007559.

Table 1. Acronyms and description of terms.

Acronym Full term

dtreetop [cM] distance from the treetop

Dn [um] hydraulic mean conduit diameter (a), in this study calculated from
tracheids in conifers, vessels and fiber-tracheids in Betula pendula)

Dy [um] vessel diameter

Dr [um] fiber-tracheid diameter

ITE imperforate tracheary element

VLF vessel lumen fraction (b)

T [um] double cell wall thickness

(T/B)? cell wall reinforcement (c)

Dm [um] diameter of margo

D¢ [um] diameter of torus

Da [um] diameter of pit aperture

F margo flexibility (d)

(0] torus overlap (d)

Ver valve effect (d)

Am [um?] pit membrane area (e)

Ap[um?] pit border area

Aa [pm?] pit aperture area (e)

La [um] pit aperture length

YAmlAv pit membrane area per vessel wall area

YAAY pit border area per vessel wall area

YAAY pit aperture area per vessel wall area

DoY day of the year

tSann annual temperature sum (f)

phase | cell enlargement

phase Il wall thickening and lignification

phase Ill matured

References: a) Sperry and Hacke (2004), b) Avila et al. (2023), c) Hacke et al. (2001), d)
Delzon et al. (2010), €) Li et al. (2019), f) Jyske et al. (2014).
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3.4 Analysis of conduit formation phases

In study II1, the samples were embedded in paraffin before preparing the cross sections using
a rotatory microtome (Leitz 1516, Leica Microsystems, Wetzlar, Germany). The sections
were then double stained to mark the lignin. Polarized light was used during light microscopy
to distinguish the cellulose of primary and secondary cell walls.

In one radial file per sample, all cells were counted, their development phase determined,
and their radial cell width (including the cell wall) measured. The developmental phases were
distinguished as follows (Figure 4): phase I — cell enlargement: cells are wider than cambial
cells in the radial direction and their primary cell walls show no birefringence under polarized
light; phase II — wall thickening and lignification: the cell walls of the conduits are
birefringent and exhibit red and blue colors; phase III — matured: cell walls are completely
red, and thicker (Savidge, 2003) than during the previous phase.

3.5 Statistical testing

In Study I, we applied the Shapiro-Wilk Normality test to all data before further analyses. We
then tested differences in conduit and pit traits between the two sites using the Welch’s #-test
if the data were normally distributed, otherwise the Mann-Whitney U test. To test the change
of conduit and pit dimensions along tree rings from the pith to the bark, we used either the
Pearson moment coefficient or Spearman’s rank correlation coefficient.

In study II, we first log-transformed all data to comply with the assumption of normality
and homoscedasticity (Zar, 1999) and to prepare them for allometric analysis (Kerkhoff and
Enquist, 2009). We tested the allometric relationships of conduit and pit traits with the
distance from the treetop and relationships of conduit traits with pit traits, and the effects of
site, species (only among the conifers), and functional group on those relationships by
applying linear mixed effect models fitted with restricted maximum likelihood (REML).

In Study III, we applied GAMs (generalized additive models) to estimate the timing of
onset and cessation of each conduit formation phase with the accuracy of 1 day independently
of the sampling interval. Then, we again log-transformed the data to comply with the
assumption of normality and homoscedasticity (Zar, 1999) and applied REML to analyze the
effects of latitude and annual temperature sum (#sa.»; calculated according to Jyske et al.,
2014) on the conduit formation dynamics, i. e, onset, duration, and cessation on the conduit
formation phases and total xylogenesis. We also tested the effect of conduit formation
dynamics on the total number of conduits and the radial increment formed in the respective
year.

For the figures shown in this thesis summary, we employed REML to fit regression lines.
As we measured the same conduit and pit dimensions in conifers of Study I and II, we pooled
the data from both studies, both species, and all sites, in these figures. In case of the conduit
and pit dimensions measured in B. pendula in Study II, we pooled the data from both sites.
We then applied the Shapiro-Wilk Normality test on both the conifer and the birch datasets,
log-transformed the data, and applied REML to test the relationships between distance from
the treetop and conduit and pit dimensions, and between the mean hydraulic diameter and pit
dimensions. We included site and tree number as random effects. In case of the conifer
dataset, we also included species as a random effect. For the figures derived from Study III,
we averaged the data among tree individuals and performed all tests for the two species
separately. Also here, we applied the Shapiro-Wilk Normality test and log-transformed the
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data. Then we applied REML to test the relationship between latitude and conduit width
conduit number, and radial increment, or between conduit width or conduit number and radial

increment. We included year as a random effect.
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4. RESULTS

4.1 Within-tree variation and coordination of conduit and pit dimensions

In the P. sylvestris trees growing in Austria (Study 1), we found that at breast height, the
hydraulic mean conduit diameter (D;) and the pit dimensions diameter of margo (D), torus
(D)), and pit aperture (D,) increased from inner towards outer tree rings. In Finland (study
II), we found that in both P. sylvestris and P. abies, the D;, and all pit dimensions increased
with distance from the treetop (dieerop), though the root samples showed deviations from the
scaling patterns. D and pit dimensions measured from the outermost tree ring (with known
direerop) In the Austrian P. sylvestris trees complement the scaling patterns found in the P.
sylvestris trees from Finland (Figure 10). Overall, the relationships of D; and pit dimensions
with dyeeop Showed strong trends across analyzed environments and conifer species (Figure
10).

In the Austrian P. sylvestris trees (Study I), the pit functional properties torus overlap (O)
and valve effect (V) decreased from inner towards outer tree rings at breast height, whereas
the margo flexibility (/) showed no such relationship. In the Finnish P. sylvestris trees (Study
II), we found that all pit functional properties increased with djeenp, Whereas in the P. abies
trees, both O and V,rdecreased with distance from the treetop. Figure 11 shows, that some of
the Austrian P. sylvestris trees exhibited a relatively low F and V. at breast height, whereas
O complements the pattern of the Finnish P. sylvestris trees. Although the generalized lines
fitted to the relationships of pit functional properties with dyeeop Show a significant slope (p
<0.01), there was no common trend in those relationships across environments and species,
as shown by the low marginal R’.

In both the Austrian P, sylvestris trees (Study I) and the Finnish P. sylvestris and P. abies
trees (Study II), all pit dimensions increased with increasing Dj. Figure 12 shows that the
relationship is similar across the analyzed environments and conifer species. In the Finnish
P, sylvestris trees, both O and Vs increased with increasing Dj, whereas in the P, abies, they
decreased (Study II).

In the B. pendula trees from study II, the D;, and the pit border area (4;) and pit membrane
area (An) increased with dyeerp, Whereas the pit aperture area showed no such relationship
(Figure 13). A,, and A, furthermore increased with increasing D, (Figure 14).

4.2 Environmental effect on conduit and pit traits

Study I and II provide evidence that the effect of growing conditions on conduit and pit
dimensions at similar dyeerp are small.

In the Austrian P. sylvestris trees (Study I) we found that in the outermost tree ring (i. e.,
at known distance from the treetop), the O and V,r were higher in trees from the limited site
than in those from the favorable site (Figure 11). On average, the O was 0.519 + 0.035 on the
limited site versus 0.447 + 0.006 on the favorable site, and the V,rwas 0.211 + 0.013 on the
limited site versus 0.188 + 0.003 on the favorable site.

In study II (Finland), P. sylvestris tended to show higher intercepts in the scaling of D, (p
=0.07) and D, (p = 0.06) with dieerop, and of D, (p = 0.06) with D, in trees from the limited
site compared to those from the favorable site, when root data were included. Excluding
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Figure 12. Scaling of pit dimensions margo diameter, torus diameter, and pit aperture
diameter with mean hydraulic conduit diameter in conifers of study | and Il. The lines were
fitted with parameters resulting from REML models and indicate p < 0.05. The formulas
show parameter b with its p-value (* < 0.05, ** < 0.01, *** < 0.001) and the marginal R?.

roots, only the relationship of D, with dyeeop showed a higher intercept in trees from the
limited site (p < 0.05).

In the same study, P. abies tended to show a lower intercept in the scaling relationship of
Dy (p =0.05) and Vs (p = 0.07) with dpeerop in trees from the limited site compared to those
on the favorable site, when root data were included. Excluding roots, the relationship of
double cell wall thickness (7)) with djeop tended to have a lower intercept (p = 0.07) on the
limited site. Also, the relationship Ver with dieerp had a lower intercept (p < 0.05) on the
limited site. In the relationships of D; with Dy, the intercept was higher in trees from the
limited site compared to those from the favorable (p < 0.05) site when root data were
included. Also, the relationship of D, with D, tended to have a higher intercept (p = 0.1) in
trees from the limited site compared to those from the favorable site, when root data were
included. Excluding root data, there were no such differences. For the relationship of V. with
Dy, P. abies exhibited a lower intercept in the limited site (including roots p = 0.06; excluding
roots p < 0.05).
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Figure 14. Scaling of pit dimensions pit membrane area, pit border area, and pit aperture
area with mean hydraulic conduit diameter in birch of study Il. The lines were fitted with
parameters resulting from REML models and indicate p < 0.05. The formulas show
parameter b with its p-value (* < 0.05, ** < 0.01, *** < 0.001) and the marginal R?.

In Betula pendula (study II), including roots, the scaling of D, (p = 0.1), and double cell
wall thickness (p = 0.08) with dyeerop tended to have a steeper slope on trees from the favorable
site. Also, the mean vessel diameter (p < 0.05), mean fiber-tracheid diameter (p < 0.05), cell
wall reinforcement (p < 0.05) and 4, (p < 0.05) with djeer0p had a steeper slope on trees from
the favorable site, whereas the scaling of VLF (p = 0.05) and pit membrane area per vessel
wall area (p < 0.05) with dyeeqp had a steeper slope in trees from the limited site.

Also, the scaling of VLF (p = 0.05) with die0p tended to have a steeper slope in trees
from the limited site. The relationship of (77B)* with djerop furthermore had a higher scaling
exponent on the favorable site (p < 0.05). Excluding roots, the relationships of mean vessel
diameter (p < 0.05), and mean fiber diameter (p < 0.05) with dy.e0p had lower intercepts, but
no differences in slope, on the favorable site. Also, 4, tended to have a lower intercept (p =
0.06) on the favorable site. (7/B)? had a higher intercept (p < 0.05) but tended to have a lower
slope (p = 0.05) in the relationship with dyeerop. In the relationship of pit aperture length with
Dy, the trees from the favorable site exhibited a steeper slope but lower exponent (p < 0.05)
when including root data.
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Figure 15. Change of tree ring width and mean conduit diameter along years in pines of
study |. Tree ring width was averaged from 10 trees per site, conduit diameter was averaged
from 1 or 5 trees on the limited and 5 trees on the favorable site.

4.3 Environmental effect on conduit formation

In study 111, we found that in lower latitudes and sites with higher #s4,, all conduit formation
phases in P. sylvestris, and phase II and III in P. abies start at an earlier DoY. Both species
exhibited a later cessation of all conduit formation phases. Thus, all conduit formation phases
in P. sylvestris and phases Il and III in Picea abies had longer durations in lower latitudes
and higher #s4.,. The timing of onset and cessation, and the duration of all conduit formation
phases correlated with the annual number of conduits produced and the annual radial
increment in P. sylvestris. This was similar in P. abies, except that there were no such
correlations for the duration of phase 1.
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Figure 16. Change of mean annual conduit width, mean annual conduit number, and mean
annual radial increment with latitude in conifers of study Ill. The data were averaged among
trees for each year and site. The lines were fitted with parameters resulting from REML
models and indicate p < 0.05 (solid) or p < 0.1 (dashed). The formulas show parameter b
with its p-value (* < 0.05, ** < 0.01, *** < 0.001) and the marginal R?.

4.4. Environmental effect on conduit number, conduit size, and tree ring width

In study I, we found that on average, the tree ring width was 2724 + 135 mm on the favorable
site and 727 £ 15 mm on the limited site (p < 0.05). Furthermore, the mean tree ring width in
the trees from the favorable site was constantly higher than that in those from the limited site
throughout the time span covered by the sampled tree rings (Figure 15). Throughout the
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Figure 17. Effect of mean conduit width and conduit number on radial increment. The data
were averaged among trees for each year and site. The lines were fitted with parameters
resulting from REML models and indicate p < 0.05 (solid) or p < 0.1 (dashed). The formulas
show parameter b with its p-value (* < 0.05, ** < 0.01, *** < 0.001) and the marginal R?.

analyzed tree ring chronology, the mean conduit diameter was similar on both sides (Figure
15), with an average of 19.65 + 1.0 on the favorable and 17.20 + 0.9 on the limited site (p >
0.05).

Figure 16 produced with data of study III reveals that the latitude affects mean conduit
width, conduit number, and radial increment in some way, in both P. sylvestris and P. abies.
Figure 17 shows that in both species, there is a clearly visible relationship between conduit
number and radial increment, but not between mean conduit width and radial increment.
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5. DISCUSSION

5.1 Importance of coordinated scaling of conduit and pits for hydraulic efficiency

Studies I and II indicate, that a coordinated scaling of conduit and pit dimensions with
distance from the treetop (dueerp) 1s important for the water transport in both conifer and
angiosperm trees. This has been reported so far only for three conifer species (Lazzarin et al.,
2016; Zambonini et al., 2024), and to our knowledge, there is only one study analyzing pits
along the water transport pathway (Kreinert et al., 2025), that did not report the variation of
pit dimensions with djeiop as in our study II. Thus, our results bring new understanding on
the xylem hydraulic structure of our study species. Our findings indicate that, along with
hydraulic conductivity, embolism resistance may vary greatly along the water transport
pathway (see also Zambonini et al., 2024). In study II, the stronger relationship of pit
dimensions with the hydraulic mean conduit diameter (D;) than with djeerp indicates that the
conduit and pit dimensions are well coordinated also when deviating from the deerp-scaling
pattern.

5.1.1 Pits scale with distance from the treetop in diffuse-porous angiosperm Betula pendula

In B. pendula, the increase of 4, and A,, With dyeeiop and Dy, (Figures 13, 14) indicates that the
pit membranes increased the hydraulic efficiency by having more space for more or larger
membrane pores. Interestingly, the pit apertures (4, and L) did not increase with djreerop OF
Dy. As our study 11 is the first to investigate the variation of pit border, pit membrane, or pit
aperture size along the water transport pathway in an angiosperm species, it is unknown how
generalizable these results are for angiosperms. The ratios of pit border area and pit
membrane area per vessel wall area showed little or no change with djeerop Or Dj, which means
that while the individual pit size increased, the relative pit density stayed constant. The pit
aperture area per vessel wall area decreased with dieeop and Dj, which means that the
hydraulic efficiency decreased, even more as the 7 increased with djeerp, Which furthermore
decreased pit aperture conductivity (Sperry and Hacke, 2004). This reduction in hydraulic
efficiency may be compensated by wider vessels having more wall area that can be occupied
by pits. Indeed, Kreinert et al. (2025) found that the inter-vessel pit membrane area increased
with distance from the apex along with vessel diameter and hydraulic function in a Fagus
sylvatica L. sapling (Kreinert et al., 2025).

An interesting observation in Study II was that the mean fiber-tracheid diameter (Dy)
scaled with djeerop, though with a lower slope than the mean vessel diameter (D)) or D;. This
could mean that some of the fiber-tracheids play a role for the hydraulic functions of the
xylem. Fiber-tracheids are usually non-conductive (Olson, 2023). However, Sano et al.
(2011) found that Betula japonica had imperforate tracheary elements (/7F) in contact with
vessels, which may have been conducting water, although those /TE were very rare. Another
indication of conductive /TFE is the shape of their pits (Olson, 2023). Some of the pits we
observed in the ITE of B. pendula (Figure 18) looked similar to the bordered pits in vessels
(Figure 3) and to those of true tracheids in the schematic Figure 1 in Olson (2023), though
their functionality cannot be clearly determined from our images. Conductive /7F may be a
low-efficient but high-safety alternative to connect vessels than directly via pitted end-walls,
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and they may even represent a back-up system for water transport when the big vessels are
embolized (Sano et al., 2011).

5.1.2 Scaling of conduit and pit dimensions well-coordinated in conifers

The increase in Dj, and pit dimensions from inner to outer tree rings in Study I and with dieerop
in study II shows that we can reach the same conclusion with both methods, i.e., that D; and
pit dimensions scale along the water transport pathway in P. sylvestris. Similarly, Petit et al.
(2023) found that Dy, increased at tree base from pith to bark, and with djeerp in P. abies.

Figure 10 shows that at similar dyeep, the Dy and pit dimensions are similar across the
species and countries analyzed in Studies I and II. This means that conduit and pit
dimensions, and thus hydraulic efficiency and safety, depend largely on djeeop. The
coordination of conduit dimensions with pit dimensions may be even more general across the
analyzed environments (Figure 12) than the scaling of both conduit and pit dimensions with
direerop- However, there are differences in the coordination of conduit lumen area with cell
wall thickness (Figure 11) and of pit dimensions with each other between species and
countries (Figure 11), which will be discussed in the sub-sections 5.1.3 and 5.2.1.

»
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Figure 18. Examples of pits in imperforate tracheary elements (fiber-tracheids) in the xylem
of Betula pendula.
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5.1.3 Scaling of pit functional properties differs between conifer species Pinus sylvestris
and Picea abies

P, sylvestris had larger pit dimensions close to the treetop, but lower scaling exponents in the
relationship of pit dimensions with dyeep, compared to P. abies. Particularly the larger pit
aperture diameter (D,; Figure 6 in Study II) indicates a higher hydraulic efficiency (Hacke et
al., 2004) in P. sylvestris compared to P. abies at the treetop. Also, the higher conduit number
(larger xylem cross sectional area) at 1 cm dyeeop in P. sylvestris (Figure S1 in Study II)
indicates a higher hydraulic conductivity close to the treetop, though without reduced
hydraulic safety. It is possible that the larger conduits are linked to longer needles, i.e., higher
leaf area, of P. sylvestris, which needs more water than that of P. abies. However, the resulting
higher functional properties torus overlap (O) and valve effect (V) indicated also a higher
vulnerability of the xylem to hydraulic failure at the treetop in P. sylvestris compared to P.
abies (Bouche et al., 2014; Delzon et al., 2010; Hacke et al., 2004). A lower torus overlap
means that in an aspired pit there is less overlapping surface between the torus and the pit
border, and thus the pit seal might be less tight against air seeding (Delzon et al., 2010).
Camarero et al., (2026) found that Pinus pinaster trees which declined during drought had
larger D, and smaller D,, and D, at breast height than non-declining trees, even though the
declining trees were shorter, i. e., the distance from breast height to the treetop was shorter.
This is evidence for the importance of D, and functional properties O and Ve for xylem
hydraulic vulnerability. The hydraulic vulnerability of the xylem at the treetop, where the
xylem water potential is typically the lowest (Venturas et al., 2017) may, together with leaf
function (Camarero et al., 2026; Salmon et al., 2015), be important for crown dieback during
drought. In our study, O and Vs scaled with opposite exponents With dieerop in P. sylvestris
versus P. abies, and thus at breast height, both species had similar O and V., indicating similar
hydraulic vulnerability. Potential differences in vulnerability to drought between these two
conifer species thus seems to be confined to the crown.

Besides the difference in pit functional properties between the two conifer species, we
also observed a difference in the smoothness of the pit border (Figure 19). In study I and I,
we found that the pit borders of P. sylvestris exhibit many warts, as observed previously by
Liese and Johann (1954). In study II, we found that P. abies has fewer warts (though we did
not quantify that). We are unaware about possible roles of warts concerning the hydraulic
safety of the pits. It can be speculated that the rougher surface of the pit border allows the
torus to seal off the pit aperture less tightly (Cochard, 2006).

5.1.4 Steeper scaling of the hydraulic mean conduit diameter with distance from the treetop
in angiosperm than conifers

The steeper slope in the relationship between dieenp and Dy in B. pendula compared to the
conifers (Study II) indicates a steeper increase in hydraulic efficiency with dyeersp, as the
conifers experience a higher cumulative resistance to water flow (Olson et al., 2021).
However, a steeper scaling of D) indicates that also the hydraulic safety reduces faster with
direetop In B. pendula. Our B. pendula trees exhibited a Dj, of over 40 pm in stem samples from
beyond 1 m dieerop (Figure 13), which means that 95 % of the conduits may become embolized
in a single freeze-thaw event (Davis et al., 1999). In spring, positive xylem sap pressure refills
embolized conduits of B. pendula trees with water (Salmon et al., 2014; Holtté et al., 2018),
which may allow this species to have a steeper scaling exponent of D with decrop.
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5.2 Geographical variation of xylem anatomy

5.2.1 Comparing conduit and pit dimensions of Pinus sylvestris between a boreal forest and
an alpine valley

Overall, the P. sylvestris trees from Austria (Study I) and Finland (Study II) had similar
conduit and pit dimensions in the outermost tree ring at breast height, due to a similar dyeerop
(Figure 10, 11). Though, , some of the Austrian P. sylvestris trees had had a higher (7/B)*
than those from Finland, indicating a higher safety against wall implosion and higher
mechanical stability (Hacke et al., 2001), and a lower F, which could mean that the margo
may allow the torus to seal off the pit aperture against air seeding less well (Delzon et al.,
2010). However, Bouche et al. (2014) found that F plays a smaller role for hydraulic safety
than O. Also, the hydraulic safety of pits may be less crucial at breast height, i.e., 15 — 20 m
dieerop 10 the sampled trees, as the most negative pressures within the xylem occur at the
treetop (Venturas et al., 2017). It remains to be tested if there are intra-specific differences in
the scaling patterns of pit dimensions and pit functional properties across larger spatial
ranges, like different climate regions.

5.2.2 Small differences in xylem anatomy between sites within studies

The small differences in conduit and pit traits that we found between sites with different
growing conditions in study I and II are evidence for the strict control of the distance from
the treetop on the hydraulic structure of the xylem and that a rather similar water supply is
needed by the distal living cells of trees under different growing conditions.

In study I, the difference in O and V.rbetween the sites indicates that at breast height, the
P, sylvestris trees on the growth limited site had a higher hydraulic safety compared to those
on the site more favorable for growth (Delzon et al., 2010). We did not find differences in O
or Verbetween the sites in P. sylvestris of study Il as in P. sylvestris of study 1. However, P.
abies of study II had a higher Vy i. e., higher pit hydraulic safety, on the site more favorable
for growth than on the growth limited site. These findings indicate that conifers may be able
to slightly adjust pit level hydraulic functions to site conditions via changing the relative sizes
of margo, torus, and pit aperture.

In study II, the roots were responsible for many of the site differences in scaling exponent
and intercept between the sites in all analyzed species. While stems grow vertically and are
self-supporting, roots are more horizontally oriented, supported by the soil, and thus
experience different mechanical requirements (Christensen-Dalsgaard et a., 2008). Also, the
hydraulic challenges of roots differ from those in stems, as they are at the lower end of the
water potential gradient that stretches along the water transport pathway (e.g., Venturas et al.,
2017). Furthermore, the contribution of a root to the total water supply of the main stem
depends on the water sources in the soil, which may have a high micro-site variability, and
thus conduit and pit dimensions (and numbers) may vary greatly among roots. Furthermore,
the root branching order may influence conduit size (Valenzuela-Estrada et al., 2008), as a
root of higher order transports the water collected from several roots of lower order. Thus, in
future studies about the scaling of conduit and pit dimensions in the roots, it may be useful
to record traits like the root order, as well as soil characteristics.
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Figure 19. Example images of pits in Pinus sylvestris showing many warts and Picea abies showing few warts.
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Some of the site differences in scaling patterns in the stem may be due to differences in
tree height, as well as leaf and crown traits (Anfodillo and Olson, 2024). For example,
different intercepts between sites in the scaling of conduit and pit dimensions could be due
to different leaf sizes, at least in the angiosperm B. pendula. Lechthaler et al. (2020) found
for other angiosperm species that conduits scale also within the leaf, whereas they found no
scaling of conduits in the needles of P. abies. Thus, for future studies aiming to compare
conduit and pit scaling patterns between different growing conditions we recommend
recording, in addition to the distance from the treetop, also leaf traits.

5.2.3 Response of conduit formation timing and conduit size to environmental conditions

In study I, we found that while overall the Dj, increased from inner to outer tree rings at breast
height, i.e., with increasing distance from the treetop, the change of D, along the tree rings
was inconsistent (Figure 15). This may indicate that interannual variation of environmental
conditions can slightly affect conduit dimensions independent of the distance from the
treetop. Similarly, Fonti et al. (2013) found that conduit lumen diameter shows interannual
variation in Larix sibirica Ldb.

In study III, we found that overall latitude had a prolonging effect on total xylogenesis
and on each conduit formation phase in both P. sylvestris and P. abies. However, the onset of
phase I (cell enlargement) in P. abies was more sensitive to annually changing conditions.
The sensitivity of the onset of phase I to #s..,» was similar in both species. Though, the species
may respond differently to climate variables calculated from shorter time periods than the
tsann. For example, the onset of xylogenesis in P. abies is more sensitive to frost during the
preceding winter than in P. sylvestris (Lebourgeois et al., 2010). Also, the temperature and
moisture availability in the spring months may play a crucial role for the onset of xylogenesis
(Wodzicki et al., 1971; Lenz et al., 2013). Pichler and Oberhuber (2006) found that
temperature and precipitation from different three-monthly periods during the growing
season had different effects on total tree ring width and late wood width in P. sylvestris and
P. abies. Thus, the timing of the conduit formation phases may show higher correlations with
climate variables calculated from periods of a few months than with #s..,, which may also
reveal more details about inter-specific differences of the timing and environmental
sensitivity of conduit formation phases.

Like the onset of phase I, also the conduit width at breast height shows a clearer response
to latitude, i. e., constant conditions like the annual light cycle, in P. sylvestris than in P. abies
(Figure 16). It is unclear, however, how much of the variation in conduit width with latitude
is due to tree height, as the distance between the sample and the treetop that was formed along
with the sampled annual growth ring was not recorded. The onset of phase I and primary
growth are coordinated, so that shoot formation and cell enlargement of earlywood happens
simultaneously (Butto et al., 2021a; Fajstavr et al., 2019). The adjustment of the D; along the
water transport pathway to the newly forming treetop and branch apexes likely happens
during this time, and environmental conditions could affect tree height and conduit
dimensions then. After phase I, the cells enter phase II, during which conduit wall traits, like
for example wall thickness and pits, are determined. To learn more about the development of
pits and potential influences of tree-internal and environmental conditions on pit dimensions,
it may be useful to observe radial sections of micro-cores taken regularly during phase II with
a SEM.
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5.2.4 Favorable growing conditions increase tree diameter growth via conduit numbers

Study I (Figure 15) and study III (Figure 17) show that temporal and spatial variation of
annual growth ring width is largely determined by conduit number and less by conduit size.
Conduit diameter is adjusted to the water transport pathway length, i. €., dyeeop (Study L, 1I;
e.g., Anfodillo et al., 2013; Olson et al., 2021). Anfodillo et al. (2012) reported that the
duration of phase I (but not phase II) increased with djeerp, and Cuny and Rathgeber (2016)
found no climatic influence on phase 1.

In both study I and study III we found that more favorable conditions for growth enabled
higher conduit numbers within a tree ring, i.e., higher cambial productivity. In Study I
(Austria), the higher cambial activity was enabled by a higher water and nutrient availability
on the favorable site. In study III (Finland), both temporally constant environmental factors,
like the annual light cycle, and temporally variable environmental factors like the #saum
affected cambial productivity by timing the onset of cell division. We analyzed the onset of
phase I and not of cambial activity itself in Study III, however, an earlier onset of phase I
implies an earlier onset of cell division (Rossi et al., 2016).

The sensitivity of conduit formation phases and conduit number to #sa., indicates that
global warming could advance the timing of these phases and related processes, such as
primary growth (shoot and needle formation; Buttd et al., 2021a) and peak carbon
sequestration. An advanced start of xylogenesis may enable trees to produce more conduits
(i. e., more wood). However, an earlier onset of spring phenology may lead to frost damages
(e. g., Ray et al., 2025; Zohner et al., 2020). Also, photoperiod may limit this advancement
by becoming the dominant regulator. Indeed, Huang et al. (2020) found for conifers in the
Northern Hemisphere that while temperature plays an important role, the photoperiod is the
key driver for the onset of wood formation. Furthermore, P. abies and P. sylvestris need both
chilling and forcing temperatures to break winter dormancy and start growing, thus higher
winter temperatures may have ambivalent effects on the onset of wood formation (Delpierre
et al., 2019).

Adjusting the hydraulic efficiency by changing the conduit size would be less costly (less
carbon for wall material needed), however, changing the conduit number may be a
hydraulically safer alternative. Smaller conduits, which likely have smaller (Study I and II;
Zambonini et al., 2024) and/or fewer pits, are safer against embolism under drought and
freezing conditions (e. g., Guan et al., 2021; Jacobsen et al., 2019; Larter et al., 2017;
Pittermann & Sperry, 2003, 2006; Plavcova et al., 2013; Sevanto et al., 2012; Sperry &
Sullivan, 1992; Wheeler et al., 2005) and more numerous conduits mean more alternative
water transport routes to embolized conduits. Forming more conduits in favorable years or
sites, instead of bigger ones may make sense for trees in places with a long frost season and
variable water availability like in the boreal forests in high latitudes in Finland or the lower
montane forests in the alpine valleys of Austria.

Environmental conditions can indeed restrict the dimensions of conduits, however, their
influence independent of dieep Seems to be limited (see also Olson et al., 2021). Hydraulic
constraints of conduit sizes limit primary growth, and trees at harsh growing conditions at
timberlines are thus short (Petit et al., 2009). Environmental conditions that limit cell
enlargement thus limit tree height.
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6. CONCLUSIONS

Our studies I and II show that inter-conduit pits scale with transport distance. We provide
evidence that a coordinated scaling of conduit and pit dimensions with distance from the
treetop is crucial for sufficient water transport in both conifers and angiosperms. Differences
in scaling patterns between sites were small.

Study II indicated species specific adjustments of the scaling patterns. The angiosperm B.
pendula had a steeper scaling exponent in the relationship of the hydraulic mean conduit
diameter with distance from the treetop than the conifers P. abies and P. sylvestris, and thus
a steeper increase in hydraulic efficiency with transport distance. Between the conifers, there
were differences in pit hydraulic efficiency and safety as indicated by the pit functional
properties torus overlap and valve effect, meaning that the pits of P. sylvestris at the treetop
are more vulnerable to embolism than those of P. abies.

Study III shows that in boreal forests of the Nordic countries, lower latitudes and warmer
years allow for longer conduit formation phases and the production of a higher conduit
number. Our findings indicate that in cold environments, global warming may increase wood
production through prolonged growing seasons, until another factor becomes limiting.

As conduit size is determined largely by distance from the treetop, making more conduits
under favorable conditions may be a more costly but safer way to increase water transport
than making larger conduits.

For future comparative studies about xylem hydraulic structure and function we
recommend recording the distance of samples from the treetop, and to take several samples
along water transport pathway, preferably with higher sampling density close to the treetop.
As the hydraulic pathway starts in the leaf and not the treetop, it may be useful to also record
leaf traits.
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