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ABSTRACT

Plant hydraulics govern water transport linking root to mesophyll surfaces, affecting gas-exchange, survival and growth. Xylem
and leaf structural and functional characteristics vary widely among Pinus species, even when growing under similar condi-
tions. We quantified the variation of xylem anatomy, hydraulic function, and within-tree hydraulic resistivity distribution,
among five widely ranging southern US species: Pinus echinata, Pinus elliottii, Pinus palustris, Pinus taeda and Pinus virginiana.
We found that, across species, needle length (NL) explained most of the variation in needle hydraulic properties. Resistivity to
water flow in needles through tracheids' bordered-pits decreased linearly from ~99% to 8% with increasing NL; total tracheid
resistivity in branches and roots was partitioned between bordered-pits and lumens similarly regardless of NL. Mean annual
precipitation typical of the species' climatic range (CR) accounted for the variation in root hydraulic properties. Despite strong
root-to-branch correlations of several attributes, neither NL nor CR explained the variation of any branch attribute. The results
suggest that NL dominates needle xylem anatomy and function in a manner consistent with increasing hydraulic efficiency with
NL, but CR produces genetic differences resulting in increased resistance to more negative xylem pressures with decreasing
precipitation, at a cost of reduced hydraulic efficiency.

© 2025 John Wiley & Sons Ltd.
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1 | Introduction

Conifer trees are among the tallest organisms, and limitations
imposed by the hydraulic pathway are thought to be the major
constraint on their long-distance water transport capacity and
their maximum attainable heights (Koch et al. 2004; Domec
et al. 2008). Trees have evolved as hydraulically complex orga-
nisms (Tyree and Ewers 1991), and within-tree variation in
xylem anatomy and hydraulic properties may occur because
different organs fulfil different mechanical and hydraulic roles
(Dunham et al. 2006; Schuldt et al. 2013). For example, water
transport in roots occurs in a relatively stable environment,
while leaves and branches are exposed to mechanical forces
generated by additional factors (wind, rain and snow;
Pittermann et al. 2006). Strong selection for mechanical stability
can result in smaller conduit and denser wood, that incidentally
increase branch hydraulic safety, even if such safety is not
needed. This leads to an overbuilt system, structurally or
hydraulically more conservative than necessary, often at the
expense of efficiency. Several hypotheses predict how xylem
structure should change along the root-to-leaf water transport
pathway, optimising whole tree hydraulic efficiency (McCulloh
and Sperry 2005; Creek et al. 2018). In stems, it has been amply
demonstrated that the diameter of xylem conduits is wide at the
stem base progressively narrowing towards the apex (Anfodillo
et al. 2013; Rosas et al. 2019; Soriano et al. 2020). Although
leaves have also been investigated as part of the hydraulic
pathway, here too selection apparently favours conductive sys-
tems with traits minimising increase in resistance with
increasing path length (Gleason et al. 2018; Petit et al. 2014;
Lechthaler et al. 2019).

The hydraulic efficiency of different organs along the root-to-
leaf flow path can be captured by hydraulic conductance (K) or
area-specific hydraulic conductivity (K;), and its inverse the
hydraulic resistance (R) or area-specific hydraulic resistivity
(Rs) (Tyree and Ewers 1991). Leaves represent the terminal
plant part of the soil-plant-atmosphere continuum, making up
a significant portion of the whole plant hydraulic resistance
(Cochard et al. 2004; Domec, Noormets, et al. 2009; Wang
et al. 2019). Several studies have looked at the partitioning of
hydraulic resistances within angiosperm leaves, and the current
consensus is that, in leaves, xylem hydraulic resistance (Ryyiem)
is about as limiting as outside-xylem hydraulic resistance
(Routside-xylem) (Sack et al. 2004; Nardini et al. 2005). In contrast
to angiosperm leaves, a large variability exists among pine
species in the fraction of total needle resistance located in the
xylem, with values ranging from 24% in Pinus mugo (Charra-
Vaskou and Mayr 2011) to 49% in Pinus taeda (Domec
et al. 2016). In term of hydraulic permeability, recent results
from a study on five pine species ranging in needle length (NL)
from 7 to 36 cm (Wang et al. 2019) showed that across species,
leaf, xylem and outside-xylem hydraulic conductance (Kieas
Kyyiem and Koyeside-xylem» respectively) scaled positively with NL.
The increased hydraulic efficiency with NL was the outcome of
increased xylem area and lumen diameter, and decreased
mesophyll cross-sectional area and the ratio of mesophyll cell
surface area to needle surface area. NL is therefore an important
morphological trait, affecting hydraulic anatomy and function,
water transport, and the partitioning of resistances between the
xylem and outside-xylem components.

Moving through xylem, water encounters two principal resist-
ances: the resistance along the lumen, and that imposed by end-
wall pits (Becker et al. 2003). In roots, trunk-wood or branches,
several studies reported that lumen- and pit-area scale iso-
metrically, thus pit resistance represents a large fraction
(55%-75%) of the whole tracheid resistance independently of
conduit size or even species (Sperry et al. 2006; Domec
et al. 2016; Schulte et al. 2015; Lazzarin et al. 2016). However, in
leaves the effect of organ-specific trait differences on the dis-
tribution of xylem hydraulic resistance or resistivity
between lumen and end-wall pits across species remains largely
unquantified (Domec et al. 2016). Differences in hydraulic
structure among organs, especially in leaves, and how hydraulic
resistivity is partitioned, may reflect genetically induced pat-
terns that consistently rank these traits across species. Because
xylem conduits are arranged in series, it is reasonable to hy-
pothesise that an increase in lumen axial water transport with
NL could potentially increase the proportion of lumen resist-
ance (Riumen) t0 Ryyiem (i-€., Riumen/Rxyiem), OF the proportion of
area-specific lumen resistivity (Rsjumen) to area-specific xylem
resistivity (Rg.xylem) (i-€., Rsiumen/Rs-xylem)- In other words, we
can expect that the proportion of area-specific end-wall pit
resistivity (Rs.pi) should decrease with leaf size or path length
(Zwieniecki 2004). However, differences among species in
hydraulic properties may only exist in needles and be related to
NL, because at this endpoint of transpiration, xylem structure-
function is mostly driven by the demand to supply enough
water to keep stomata open along the entire needle surface
(Delucia et al. 2000). Elsewhere along the whole-plant hydraulic
pathway, xylem traits may be more sensitive to environmental
pressures, reflecting both the conditions of the species’ range
and where the sampled individuals grow (Kilgore et al. 2021).

Many studies aimed to understand the links between functional
traits and species distribution (Li et al. 2018; Liu et al. 2021).
Although species distributions along environmental gradients
have generally been well documented, the mechanisms driving
the distributions are less well known (Pfautsch et al. 2018; He
et al. 2020). In conifers, vulnerability to drought-induced em-
bolism increased from low in species from semiarid zones to
high in species from wet environments (Brodribb et al. 2014).
Given the strong selective force exerted by water stress on
vegetation, the distribution of pine species along environmental
gradients can indeed be expected to be influenced by their
embolism resistance (Pockman and Sperry 2000; McCulloh
et al. 2019). Pine roots tend to exhibit relatively high vulnera-
bility to xylem embolism (Zhang et al. 2025); nevertheless,
many species such as ponderosa pine (Pinus ponderosa) and
pifion pine (Pinus monophylla) are well adapted to persist in
arid environments (Maherali and DeLucia 2000; Johnson
et al. 2016). Hacke et al. (2001) demonstrated that embolized
conduits experience large bending stresses that could lead to
cell collapse under large negative xylem pressures. The basis for
this relationship is that the double-cell wall shared by adjacent
cells behaves in a manner similar to a long plate of width b (cell
diameter) and thickness t (double-cell wall thickness), a plate
that will buckle under a force proportional to (t/b)*. Several
studies demonstrated that species distribution and adaptation to
arid and mesic environments correspond to variations in tra-
cheid structure and their effect on hydraulic traits (Sperry
et al. 2006; Pritzkow et al. 2020). Xylem anatomy determines the
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hydraulic conductance of a particular plant organ (Hacke
et al. 2001; Bouche et al. 2014), providing the structural basis for
species-dependent differences in Kyyiem, Ks-xylem and (t/ b)%

Quantifying plant structural and functional traits in relation
to the distribution of species along environmental gradients
is therefore essential to advancing understanding of current
and projections of future distribution patterns of pine and
other species (Augustine and McCulloh 2024). However,
hydraulic traits within and among species reflect not only
the genetic differences imposed by morphological differ-
ences (e.g., NL) and environmental conditions of the species’
native climatic range (CR), but also the conditions where
sampled individuals are growing. Common garden studies
can help isolate the genetically induced effects from effects
imposed by the growing conditions (Jankowski et al. 2019;
Duboscq-Carra et al. 2020). If needle morphological differ-
ences are not strongly related to the environmental condi-
tions in the original range, attribution of the variation of
hydraulic traits can be allocated to either of the genetically
induced sources (NL or CR).

We studied five pine species from a broad climatic gradient
within the southeastern United States, Pinus echinata, Pinus
elliottii, Pinus palustris, P. taeda (two families), Pinus vir-
giniana in a common environment. All five species are shade
intolerant, relatively well-adapted to poor soils, and show
overlapping geographical ranges, each with at least two
others. We assess the trait values of these co-occurring,
related species as independent solutions of functional
hydraulic systems. Our goal was to gain a more in-depth
understanding of within-organism variations and linkages in
hydraulic resistivity distribution, and hydraulic anatomical
and functional traits in these pines. We further explored
whether these variations, in different organs across species,
were better explained by NL or by CR, the climate of origin
in the distributional range of these species. While recent
previous work established correlations between NL and their
anatomical and gas-exchange properties (Wang et al. 2019),
our study takes a broader perspective by assessing whether
NL or CR more strongly influences trait variation across
multiple organs and species.

Specifically, we hypothesised that: (H1) Branch-root corre-
lations of a given trait will be stronger than either leaf-
branch or leaf-root. This is because the first two are involved
in only longitudinal transport, while needle structure and
function must accommodate radial transport as well.
Because needle xylem traits are likely to have poorer corre-
lations with those of branches and roots, and based on ear-
lier analyses (Wang et al. 2019), we hypothesised that (H2)
needle xylem traits will be best explained by NL. Finally,
because hydraulic performance of branch and root xylem has
been shown to be affected by environmental conditions
(Ewers et al. 2000; Maurel and Nacry 2020), we hypothesised
that (H3) xylem traits of roots and branches will be best
explained by CR, reflecting minimum temperature and
aridity (Bouche et al. 2014). Alternatively (to H3), these
xylem attributes may not vary much among species,
reflecting acclimation to the common environment in which
individuals of all five species are growing.

2 | Materials and Methods
2.1 | Site Description

In 2011, 1-year-old seedlings of P. echinata Mill., P. elliottii Engelm.,
P. palustris Mill., P. taeda L. (two families), P. virginiana Mill. were
planted in 32 X 40 m plots (4 X 2 m spacing), at a site characterised
by sandy loam soil of the Appling series, in the Duke Forest,
Durham, NC, USA (36°01' N, 78°59" W). The climate of the region
is warm and humid with a mean annual temperature (MAP) of
15.5°C, and annual precipitation of 1145 mm (average between
1992 and 2021) distributed evenly throughout the year. P. echinata
and P. elliottii seedlings issued from a second generation progeny
test came from Flint River Nursery, Byromville, GA. P. palustris
plot was planted with seedlings of various provenances across the
southeastern USA (Longleaf Pine Regional Provenance/Progeny
Trial, NC State University Cooperative Tree Improvement Program
and USDA Forest Service, Raleigh, NC). P. taeda seedlings were
from Supertree Nursery, Blenheim SC, and contained two mass-
control pollinated families (ArborGen Inc., Ridgeville, SC), with
broad (AGM-37) and narrow (AGM-22) crown characteristics. P.
virginiana seedlings were from Claridge Nursery, Goldsboro, NC.
At the end of the 2017 growing season, the dominant heights of P.
echinata, P. elliottii, P. taeda and P. virginiana were 3.3, 4.4, 6.6 and
3.9m, respectively. P. palustris trees showed a large range of
heights due to the distinctive developmental pattern of the species
(averaging 1.4 m in our plot), but sampled individuals passed the
‘bottlebrush’ stage and were ~2m tall in the fall of 2017
(Wang 2021).

2.2 | Hydraulic Measurements

Hydraulic measurements were conducted on 3-4-year-old
branches and current-year needles harvested in October 2015,
and 3-5-year-old roots dug in July 2017. Climate was quite
similar in the different sampling years, with precipitation
ranging 1200-1385mm per year, above the 30-year average.
Branches, 3.7-12.4 mm in diameter, were collected from the
upper section of tree crowns, and coarse roots, 5.3-13.8 mm,
from 10 to 20 cm soil depth, from five randomly sampled in-
dividuals per species. Root excavations down to 100 cm, per-
formed in the middle of each plot in June 2020, revealed that
more than 60% of the roots of all species were located within the
upper 20cm of soil and > 75% within the upper 40 cm. To
prevent extraneous surface resistance by resin leaking from
broken resin canals, before the first hydraulic measurements,
we removed excess resin by soaking the cut surfaces in water for
60-90 min, and then recut the end-surfaces with a clean razor
blade (Booker 1977; Bonetti et al. 2021). In this study, we use
both conductance (or conductivity) and resistance (resistivity)
depending on the expression most useful for explaining the
controls on the hydraulic function across the five species
(Melcher et al. 2012). Because resistances add in series, the
measured values for branches can be partitioned into their
resistance components (stem and leaves).

Hydraulic conductivities were determined using a hydraulic
conductance flow metre (HCFM, Tyree et al. 1995; Zotz
et al. 1998) using the formula: K = Q,/AP; where Q, is the vol-
umetric flow rate (kgs™') and AP is the applied pressure
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gradient (MPa) across a sample. This technique was used
because it is rapid, allowing to determine the hydraulic con-
ductance of the whole organs and partition the contribution of
conductivity between xylary and outside-xylem water pathways
(Tsuda and Tyree 2000). The cut ends of branches were con-
nected to the HCFM (Dynamax Gen2, IN, USA) using a wa-
tertight seal, and deionized and degassed water filtered at
0.1 um was delivered at a pressure of 0.2-0.3 MPa. Note that
preliminary tests indicated that K values determined at pres-
sures ranging from 0.01 to 0.45 MPa were statistically similar
(slope = 0.06, R = 0.04; p = 0.88). During HCFM measurements,
the leaves were submerged in water to maintain constant
temperature and prevent transpiration. Hydraulic conductance
was standardised to values for 25°C to account for the effects of
temperature on water viscosity. Whole branch hydraulic con-
ductance (Kprancn; kg MPa™'s™!) was recorded every 30s and
shown to increase during the first 3-5min. Data points were
recorded after stable values were reached corresponding to a
coefficient of variation <5% for the last 10 readings. After
Kpranch (1/Rprancn) Was obtained, needles were immediately re-
moved at their connections to the woody stem using a new
blade, and the hydraulic conductance reassessed (Kgem =1/
Rgiem)- Measurements took 8-12 min for an intact shoot, and an
additional 5-10 min after needle removal. Rjcar (=1/Kjcar) Was
calculated by subtracting Rgtem from Rppancn (Luo et al. 2023).

On another set of branches, Kyancn and Kje,r Were obtained
from frozen-thawed needles (frozen 10 min at -55°C, thawed at
+23°C for 30 min). Freezing needles disrupts cell membranes
and removes the hydraulic resistance of the outside-xylem
water pathway (Cochard et al. 2004; Nardini et al. 2005; Domec
et al. 2016). Therefore, we used Kj..; estimated from frozen
needles to represent the conductance of the needle xylem
located in the central vein (leaf Kyyiem). Preliminary tests on six
shoots showed that Ky, anch, ONCe stable, remained so for 15 min,
the period during which removing needles and re-measuring
were completed. We note that, in our measurements, the freeze-
thaw process should not cause embolism, since thawing did not
occur under tension (Pittermann and Sperry 2006). All leaf
hydraulic resistance and conductance variables were normal-
ised by projected branch needle area (giving Ry, in m?sMPa
kg™ and Kjar in kgm™>s™'MPa™) estimated by analysing
images of scanned needles with Image-J (National Institutes of
Health, MD, USA). The xylem hydraulic specific conductivity
(Ksxylem) in needles was calculated as: leaf Kyem X needle
projected area x NL/needle xylem area (kgm™'s™' MPa™).

Specific hydraulic conductivity of the xylem (K.yyiem) Of branch
stems and root segments was also measured with the HCFM
and was calculated as: Q, X L/(A; X AP), where L and A, are the
length and the cross-sectional area of the measured sample.
Leaf specific conductivity (LSC) was calculated as: branch K
xylem X As/needle projected area.

2.3 | Leaf, Branch and Root Anatomy and
Computed Hydraulically Related Variables

Additional fresh needles, branches and roots were collected in
2017 from five random trees per species for anatomical mea-
surements. Anatomical features were determined from hand-

made sections (~40 um thickness) cut in the middle region of
the samples using razor blades. The cross-sections were pho-
tographed at x400, X100 and X100 magnification for needles,
branches and roots, respectively, using a digital camera
mounted on a compound microscope (iScope trinocular IS1153-
PLi, AmScope, USA). Two, eight-to-ten and four-to-six images
were taken per cross-section for needles (from five needles per
tree), branches, and roots (one sample per tree), respectively,
together covering most of the xylem area of the cross-section
from each sample. The images were analysed using the Motic
Images Advanced 3.2 software (Motic Corporation, Zhejiang,
China).

We computed hydraulically related variables from tracheid
anatomical features. Tracheid lumen diameter (b), tracheid
double cell-wall thickness (¢), the number of tracheids (N), and
total tracheid area (A) of all individual conduits from each
cross-sectional image were measured. Total tracheid diameter
(d,) was calculated as the sum of b and ¢; tracheid density
(D, = number of conduits per mm?) was calculated as N/A.

Mean tracheid hydraulic diameter (dj,) was calculated as dj, =
1/n Y, b;*)"* where b is the ith tracheid lumen diameter and n
is the total number of tracheids (Tyree and Zimmermann 2002).
Hydraulic conductance of coniferous tracheids is a function of both
the tracheid lumen conductance and bordered-pit conductance
connected in series. According to the Hagen-Poiseuille law (Tyree
and Ewers 1991), the lumen (axial) specific hydraulic conductivity
Kyumen (kgm™ s MPa™') was calculated as Kijumen = (T0/
128nA) Y, b*, where A is sampling area, p is the density of water
and 7 is the viscosity of water at 25°C. The bordered-pits hydraulic
specific hydraulic conductivity (Kspi) was calculated as K. =1/
(1/Ksxytem — 1/Ksiumen) (Domec et al. 2006).

The calculation of hydraulic diameter in leaves was more
complicated than that in branches and roots. The assumption of
equal-sized tracheids and equal tracheid density holds for much
of the needle but diverges to some degree at the very tip and so
using anatomical values measured in the centre of a needle as a
proxy for the whole needle average may produce a bias. We
therefore corrected our centred values by a factor of 0.96 to
account for the slight decline in tracheid size with NL
(Zwieniecki et al. 2006; Domec et al. 2016), which allowed es-
timation of the integrated K jumen based on the size and num-
ber of tracheids measured in the middle section of the needles.

2.4 | Species Geographic Distribution and
Climatic Factors

The geographic distribution of each pine species was obtained
from the Gymnosperm Database (http://www.conifers.org/
index.php). For each pine species, 20 sites were selected at
the distribution boundary and the average climate of those sites
were calculated to represent the climate condition of the entire
distributional range (CR). The climatic factors, mean annual
precipitation (MAP) and MAT, and the number of days tem-
perature dropped below 0°C of each site were collected from
National Oceanic and Atmospheric Administration (US)
https://www.climate.gov/. Aridity data were collected from
CGIAR-CSI Global Aridity Index (Global-Aridity) and Global
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Potential Evapo-Transpiration (Global-PET) Climate Database
(Trabucco and Zomer 2009).

2.5 | Data Analysis

Anatomical traits measured or calculated from needle, branch
and root samples were averaged for individual trees, then, the
means and standard errors (n =5) of all the anatomical traits
and hydraulic-related variables for each species were calculated.
The definition of variables is shown in Table 1.

To assess the consistency of hydraulic traits among organs, we
correlated each anatomical and functional variable among needles,
branches and roots, and tested how anatomical variables affected
hydraulic performance. The relationships between anatomical and
hydraulic traits were assessed using Pearson correlation coefficients
and principal component analysis (PCA). Mean values for each
species from the two main PCA axes were examined for organ-
specific relationship with NL, MAP and MAT. The dimension
reduction offered by PCA helps identify patterns in the data,
however, while it retains much of the information in the original
variables it allows only broad interpretation. We thus followed the
PCA analyses quantifying (1) how well the variables reflecting CR
affected NL, and (2) how well NL and CR explained the variation
in specific hydraulic anatomical and functional traits, adding detail
to the results from the lumped PCA axis values. The variables used
in this last set of analyses represent the ability of the xylem to resist
cell-wall collapse, (¢/b)?, the hydraulic diameter (dy,), and the three
hydraulic conductivity variables, which are either directly mea-
sured or computed.

Pearson's correlation and PCA analyses were performed in R
version 3.6.3 (R Core Team 2019), and curve fits using Sigma-
Plot (version 12.5, Systat Software Inc., San Rafael, CA, USA).

3 | Results

3.1 | Correlations Among Hydraulic Variables
Within Organs

Of the anatomical, and anatomically-based variables, the
among-species range of diameter-related properties [tracheid
diameter [d,], lumen diameter [b] and hydraulic diameter [d])
and cell-wall thickness () was smallest in needles and largest in

roots, while tracheid density (D,) showed an opposite trend
(Supporting Information S1: Table S1). The range of thickness-
to-span ratio ([t/b]?) among species was highest in branch, and
smallest in root (except P. virginiana and P. echinata)
(Supporting Information S1: Table S1). The three diameter-
related variables, d;, b and dj,, were highly positively correlated,
and strongly inversely correlated with D, across species in all
organs (Figure 1a-c). Because cell wall thickness (a component
of d,) is small relative to b (Supporting Information S1:
Table S1), and because dj, is computed from b, both measured
variables were also highly correlated to d,. Furthermore,
because the higher d, is, the fewer tracheids fit per unit of area,
all three variables were strongly inversely correlated with D;.
However, although the three diameter-related properties (d, b,
dn) were positively correlated with ¢ in leaves (strongly) and
branches (close to significant), in roots they were uncorrelated
with ¢ (Figure 1c). In contrast, the resistance to cell-wall
implosion under negative xylem pressures in branches and
roots, reflected in (/b)?, was strongly negatively associated with
diameter-related properties, thus positively related to D,, but
these correlations were not found in the leaves (Figure 1a).

Among the functional variables, across species, leaf and branch
specific hydraulic conductivity of the lumen (Kj.iymen), cOm-
puted from anatomical variables (Table 1), was positively cor-
related with the specific xylem hydraulic conductivity (Ky.xyiem)-
In contrast, the specific hydraulic conductivity of pits (Ks.pit)
was strongly correlated to Kyyem in all organs, showing the
dominance of pits in the hydraulic function of the xylem.

3.2 | Correlations of Xylem Anatomical and
Functional Traits Among Organs

None of the anatomical variables were significantly corre-
lated between leaf and branch (Figure 1d). Interestingly, the ¢
variable was the only one showing correlation between leaf
and root (Figure le). Two diameter-related properties (d;, b)
and D, were positively correlated between branches and
roots, while ¢ was not correlated (Figure 1f), perhaps owing to
its small variation in branches among species (3%; Supporting
Information S1: Table S2). Finally, stronger branch-root
(than either leaf-branch or leaf-root) correlations observed in
diameter-related properties (d;, b) and D, were also observed
in the functional variables, reflecting the contribution of the
anatomical variables.

TABLE 1 | Variables describing anatomical and functional hydraulic properties.

Measured variables

Computed variables

Contributing variables

Anatomy

Lumen diameter (b) Tracheid diameter (d;) b, t
Tracheid density (D,) Hydraulic diameter (dj,) b
Tracheid cell-wall thickness (f) (Tracheid cell-wall thickness/lumen diameter)® (¢/b)* tb
Function

Specific xylem conductivity (K. cyiem) Specific lumen conductivity (K jumen) dy, Dy,

Specific pit conductivity (Kpit)

Ks-xylem, Ks—lumen

Note: Four measured variables were used to compute five additional variables.
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FIGURE 1 | Pearson's correlations among anatomical and functional properties within leaf (a), branch (b) and root (c), as well as the comparison

across species between (d) leaf versus branch, (e) leaf versus root, and (f) branch versus root. *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, p <0.001.
Colour and orientation of the ellipses depend on the strength and the sign of the correlation (the intensity of colour increases uniformly as the
correlation value moves away from 0 with blue for positive values and red for negative ones). In addition, the ellipses have their eccentricity

parametrically scaled to the Pearson's correlation values. [Color figure can be viewed at wileyonlinelibrary.com|

3.3 | The Dependence of Hydraulic Function on
Hydraulic Anatomy

The three diameter-related variables (d,, b, d;,) explained much
of the variation among species in K ymen in all three organs
(Figure 1la-c), reflecting strong correlations between these
anatomical parameters, and the fact that dj, is used in calcu-
lating K jumen- These three variables were also important in
explaining the variation of K yyiem and Ky pi in leaves and K.
xylem 1N branches, but not in roots, consistent with the correla-
tions between Ky xyiem and Ky jumen O Ky pi¢ (Figure 1c). We note
that, among these relationships, the only ones with no auto-
correlation are those involving K .yem and any anatomically-
based variables. The positive relationships between d,, b and d),
and K xyiem Were strongest in leaves and weakest in roots, and
perhaps the negative one between K yyiem and (t/b)* in bran-
ches deserve most attention.

Other strong positive and negative relationships are
driven by the correlation strength and direction among
anatomically-based variables, and the degree of auto-
correlation which depends on whether one or more variables
were used in the calculation of the dependent variables. As

examples: (1) D, showed inverse patterns with specific con-
ductivities (K xylem» Ks.pits) in all organs
(Figure la-c), which is a reflection of the strong negative
correlation between D, and diameter-related properties (d,, b,
dp); (2) (t/b)* was strongly negatively correlated with K. jymen
in branches and roots, but not in leaf, consistent with the
correlations between d,, b, dj, and (¢/b)>.

Ks-lumeny

3.4 | Distribution of Species Relative to Their
Leaf, Branch and Root Anatomical and Functional
Traits

Together, the first two axes of the PCA explained 79%, 78%
and 72% of the variability in leaf, branch and roots, respec-
tively (Figure 2). The first axis, representing the anatomical
variables and accounting for ~60% of the variance, showed
that tracheid diameter-related properties were dominant and
opposite to tracheid density. On the second axis, (t/b)* was
particularly dominant in leaves (Figure 2a), whereas ¢ and
K, pits were positively correlated in branches and roots
(Figure 2b,c). In addition, PCA separated some of the species
based on differences between organs. In leaves, P. virginiana
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FIGURE 2 | Principal component analysis (PCA) of leaf traits (a),
branch traits (b) and root traits (c). The first PCA axis represents the
hydraulic efficiency dimension, with larger diameter-related variables
(tracheid diameter [d,], lumen diameter [b], hydraulic diameter [dj] and
tracheid lumen conductivity [Ksumen]) placed opposite to low tracheid
density (D) in all organs, and to cell thickness-to-span ratio [(¢/b)*] in
roots. PV, Pinus virginiana; PEC, Pinus echinata; PT1 and PT2, Pinus

and P. echinata, species bearing short needles, were distin-
guished from long-needle species, that is, P. palustris and to
some extent P. elliottii. In branches, P. virginiana and P.
echinata were distinguished from P. taeda and in roots also
from P. elliottii.

Variation among species means in the first PCA axis values
were mostly explainable by NL in leaf and by MAP and to some
extent by MAT of the species’ natural range in roots (Figure 3).
Neither NL nor MAP or MAT explained the variation along
the second PCA axis values (Supporting Information S1:
Figure S1).

3.5 | Effect of NL on Xylem Anatomical and
Hydraulic Variables

A complete presentation of the amount of variation in each
measured and computed variable explained by NL and CR is
given in Supporting Information S1: Table S3. Regardless of
whether P. palustris was included or not, the ability of leaf
xylem to resist collapse under negative pressure (represented by
[t/b]?) was unrelated to NL (Figure 4a), but most of the across-
species variation in leaf dj, and all three forms of leaf conduc-
tivity (pit, lumen and xylem) was explained by NL (Figure 4b,c).
In contrast, NL did not explain much of the variation among
species in these variables in branches and roots (Supporting
Information S1: Table S3). However, when P. palustris was
again excluded from the analyses, NL explained most of the
variance in (¢/b)* and dj, and in its corollary K jumen in the roots
of the five populations (Figure 4d-f).

While conductivities presented here are based on xylem area,
we also calculated whole-branch leaf-specific conductivity
(LSC). The results were principally similar or weaker because of
the linear correlation between branch specific hydraulic con-
ductivity of the xylem (K xylem) and LSC (R*=0.52, p=0.01).
However, unlike branch K .yiem Which was uncorrelated to NL
(Supporting Information S1: Table S3), LSC was more strongly
correlated with NL than branch Kyyiem (R*=0.76, p=0.02,
Supporting Information S1: Figure S2).

Using the ohm (electrical resistance) analogy applied to a
hydraulic circuit, the total resistivity to water flow in tracheids
was partitioned between lumen and end-wall bordered pits.
Among plant organs, leaves showed the largest among-species
differences in the hydraulic resistivity partitioning between R
lumen and Rg i Across species, the mean ratio of pit resistivity
to xylem resistivity (Rs.pit/Rs-xylem) increased progressively from
67% in leaves, to 69% in branches, and to 88% in roots
(Figure 5). Rqpit/Rsxylem Was strongly correlated with NL in
needles (Figure 5a), however, this relationship was weaker in
branches and was not observed in roots (Figure 5b,c). None of
the CR variables explained the variation in the proportion of
resistivity to flow in any of the organs (Supporting Information
S1: Table S4).

taeda; PEL, Pinus elliottii; PP, Pinus palustris. [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 3 | Variation in the scores of the first principal component axis (PCA1) of leaf traits (a-c), branch traits (d—f) and root traits (g-i) with
needle length, mean annual precipitation (MAT) and temperature (MAT) of the species’ natural range. PCA1 values are species means from Figure 2.
PV, Pinus virginiana; PEC, Pinus echinata; PT1 and PT2, P. taeda; PEL, Pinus elliottii; PP, Pinus palustris. Dotted regression lines represent
nonsignificant relationships (p > 0.05). [Color figure can be viewed at wileyonlinelibrary.com]

3.6 | Effect of Climate of Origin and Vpd on
Xylem Structural and Hydraulic Variables

Across species, NL increased with MAT (p = 0.09; Supporting
Information S1: Table S5), and decreased with the number
of days of temperature < 0°C (p =0.07; Supporting Informa-
tion S1: Table S5). MAP, growing season vapour pressure
deficit (VPD), or aridity index did not explain the variation in
NL. However, there was a clear departure of only P. palustris
NL from potential relationship with MAP (Figure 6); ex-
cluding this species from the analyses resulted in MAP ex-
plaining more variation than the other variables, followed by
MAT and the number of frost days (Figure 6, Supporting
Information S1: Table S5). A correlation matrix among the
variables representing the climate of the natural range of each
species demonstrated that information captured in MAP
represents both MAT and number of frost days well
(Supporting Information S1: Table S6), meaning that addi-
tional variation in the hydraulic variables may be explained
mostly by VPD and the aridity index.

Of the climate variables, none explained the variation among
species in leaf hydraulic variable as well as did NL, regardless of

whether P. palustris was included or not (Figure 7a-c, Sup-
porting Information S1: Table S3). However, removing P. pa-
lustris from the analyses, increased the amount of the variation
in leaf dj, and the conductivity variables explained by MAP
(Figure 7b,c). Moreover, of the CR variables, MAP explained
most of the variation in (¢/b)%, d, and Kgjumen Of roots
(Supporting Information S1: Table S3; Figure 7d-f).

In branches, the only environmental variable correlated sig-
nificantly with some of the hydraulic variables was VPD
(Supporting Information S1: Table S3). Although VPD ex-
plained the variation in lumen and tracheid diameter, there was
no correlation with cell wall thickness and consequently (¢/b)*
(Supporting Information S1: Table S3). Thus, only the variations
in Kqjumen and, to a lesser degree, K;.,;; were explained by VPD,
and even these relationships were mostly driven by the lower
values of P. virginiana (Supporting Information S1: Figire S3).

4 | Discussion

This study aimed to clarify the sources of within-organism
variation in hydraulic resistivity and related anatomical and
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FIGURE 4 |

The response of anatomical and functional variables to increasing needle length in leaf (left panels) and root (right panels) of the five

species studied. See Table 1 for definitions of variables. Note that roots have appreciably higher values for most variables. Note also that statistics are

given in parenthesis when Pinus palustris is excluded from the regression analysis; for statistics inclusive of that species see Supporting Information
S1: Table S3. PV, Pinus virginiana; PEC, Pinus echinata; PT1 and PT2, Pinius taeda; PEL, Pinus elliottii; PP, P. palustris.

functional traits across five widely distributed pine species.
Performed at a common garden, thus isolating the genetic ef-
fects from environmental ones, we observed strong genetic
control over anatomical variables and subsequently on
hydraulic traits. The climate of origin (CR) was the driver of NL,
and together, these variables significantly contributed to the
variations in anatomical and functional traits of needles and
roots (Figure 8).

4.1 | Correlations Among Hydraulic Variables
Within and Among Organs

Branch-root correlations were stronger than either leaf-branch
or leaf-root in hydraulic anatomical and functional traits
(except for t; Figure 1d-f), supporting our H1. This could be
caused by the fact that water transport in branches and roots
occurs mainly in xylem. While in leaves, in addition to transport
in the xylem, transfusion tissues and mesophyll characteristics
may also have large effect on water transport.

Within and among species, PCA showed how anatomical and
hydraulic traits are linked (Figure 2). The diameter-related variables
(tracheid diameter [d;], lumen diameter [b], hydraulic diameter
[dy.]) were correlated with K jumen and strongly inversely correlated
with tracheid density (D,) across species and in all organs (Figures 1
and 2), which can be explained by cell ‘packing limit’, that is, that
the space available for conduits is bounded by xylem cross-sectional
area (McCulloh et al. 2010). Of hydraulic anatomical properties,
tracheid cell-wall thickness (f) scaled positively with these three,
tracheid diameter-related properties in leaves and branches
(Figures 1a,b and 2a,b), indicating structural coordination within
the aboveground xylem water transport system. In conifers, tra-
cheids have a role both in water transport and in mechanical
support. Previous studies have indicated that the thickness-to-span
ratio ([t/b]?) is important for the mechanical strength (Pittermann
et al. 2006). The fact that cell-wall thickness and tracheid diameter-
related properties varied in the same way may reflect the require-
ment of mechanical support in leaf and branch, whereas distal roots
are supported by the soil and do not require strong mechanical
support (Rosner et al. 2007).
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Pinus virginiana; PEC, Pinus echinata; PT1 and PT2, Pinus taeda; PEL,
Pinus elliottii; PP, Pinus palustris.

Previous work on woody plants has shown a strong relationship
between species’ mean embolism resistance, indicated by the
tension at which 50% of conductivity is lost (Psy), and the
conduit double-wall-to-lumen-span  ratio  (¢/b)*> (Hacke
et al. 2001; Domec, Warren, et al. 2009). In this study (t/b)?,

Pinus spp. Duke Forest
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FIGURE 6 | Needle length as a function of mean annual precipi-
tation (MAP) of the species' natural range. The statistics are in paren-
thesis to emphasise that Pinus palustris is excluded from the regression
analysis. Relationships including P. palustris are R*=0.30, p = 0.26.
Regression statistics with other climate variables are given in Support-
ing Information S1: Table S5. PV, Pinus virginiana; PEC, Pinus echinata;
PT1 and PT2, Pinus taeda; PEL, Pinus elliottii; PP, P. palustris.

showed different correlations with other xylem anatomical and
functional properties across organs. For example, in branches
and roots, (t/b)* was strongly negatively associated with the
mean conduit hydraulic diameter, but these correlations were
not found in the needles (Figure 1a). The reason for correlations
among anatomical properties involving (t/b)* to be present or
absent depends, in part, on the variation among species in each
contributing variable (provided as coefficient of variation in
Supporting Information S1: Table S2). For example, in roots, the
diameter-related variables and, even more, (t/b)* varied much
more than t, while in leaves the variation was smaller. In
addition, (¢/b)* was strongly negatively associated with Kg.yyiem
in branch, but these correlations were not found in leaves and
roots (Figure la—c), indicating that assessments of the trade-off
between hydraulic efficiency and safety must consider differ-
ences among organs. Moreover, (¢/b)* showed high variation
among organs, such that (¢/b)* in branches was always higher
than that in leaves and roots across species (Supporting Infor-
mation S1: Table S1), indicating that branches are more
resistant to cell wall implosion and embolism than leaves and
roots (Choat et al. 2005; Johnson et al. 2011; McCulloh
et al. 2019; Zhang et al. 2025). Higher (¢/b)* in branches also
makes them more resistant to mechanical stresses induced by
gravity, wind and ice loading (Read and Stokes 2006; Domec
et al. 2012). There was no difference in (¢/b)* between leaves
and roots, suggesting their comparable resistance to implosion
under similar negative xylem pressure.

In terms of functional properties, the specific hydraulic con-
ductivity of xylem, lumen and pits (Ks.xylem, Ks-lumen and K pits)
decreased from roots to leaves (except in P. palustris, Supporting
Information S1: Table S1). Leaf and branch hydraulic efficiency
(Ks-xylem = 1/Rg.xylem) Was determined by both R jymen and Rg.pi,
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FIGURE 7 |

The response of anatomical and functional variables to increasing mean annual precipitation (MAP) of the native range in leaf (left

panels) and root (right panels) of the five species studied. See Table 1 for definitions of variables. Note that roots have appreciably higher values for

most variables. Note that statistics are given in parenthesis when Pinus palustris is excluded from the regression analysis; for statistics inclusive of
that species see Supporting Information S1: Table S3. PV, Pinus virginiana; PEC, Pinus echinata; PT1 and PT2, Pinus taeda; PEL, Pinus elliottii; PP, P.

palustris.

while root Rg.yyem Was mostly controlled by Rq.; (Figure 5),
consistent with previous experimental and modelling studies on
root hydraulic conductivity in conifers (Steudle and
Peterson 1998; Domec et al. 2006). This difference seems to be
caused by the variation in tracheid dimensions across organs.
For example, K xyiem Showed positive correlations with tracheid
diameter-related properties in needles and branches, but not in
roots (Figure 1a—c). Roots had the largest tracheid diameter and
root Kgjumen across organs (Supporting Information S1:
Table S1), implying that the primary limitation for water
transport in this organ occurred in the radial pathway (K;.pio).
Consequently, the species with the lowest root pit resistivity (R
pits)> such as the two genotypes of P. taeda are likely to achieve
the highest root K.,yiem (Supporting Information S1: Table S1).

In our study, we assumed that conduits were tubular in shape.
We know that this approach is only an approximation, but most
of the measured tracheids were circular with a few slightly oval,
so we consider that this approach, extensively used in similar

studies, did not exert large effect on the results (Tyree and
Zimmermann 2002). We also assumed that the anatomical
measurements performed in the middle section of the needle
represented well the needle average values. Following
Zwieniecki et al. (2006), we thus applied a correction factor of
0.96 to take into account the decline in either hydraulic diam-
eter or Kgjymen With needle hydraulic path length. In conifer
needles, we are not aware of studies that measured in detail the
axial variation in conduit size and number with NL. Data from
such anatomical investigations would help establish a more
precise link between fine-scale anatomy and functionality.

4.2 | Xylem Hydraulic Differences Link to NL
and the Climate of Natural Range

Previous work demonstrated that NL strongly influences needle
anatomical traits, which, in turn, are reflected in leaf mechan-
ical support, stomatal conductance and photosynthetic capacity
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FIGURE 8 | Integrated framework of whole-plant hydraulic strategy. The three corners of the triangle represent the three main axes of the

whole-strategy approach in plant hydraulics, considering a plant as a multilevel organism and explicitly including the environmental dimension. It

makes it possible to account for inter- and intra-organ trait variations, such as those in needle length (left corner of triangle) or between hydraulic

function (top corner of triangle). Data (table or figure numbers) linking each triangle corner are also displayed. [Color figure can be viewed at

wileyonlinelibrary.com]|

(Kuusk et al. 2018; Wang et al. 2019). However, this study found
a more striking pattern: leaf hydraulic anatomical and physio-
logical traits exhibited even tighter correlations with NL than
with mean climatic indices (MAP and MAT) representing CR of
the five species (Figures 4a—-c and 7a-c). This finding highlights
a finer, functionally significant scale of variation that is more
directly tied to NL.

In addition, only NL affected significantly the first PCA axis of
leaf traits (Figure 3a), indicating that NL plays a key role in the
overall structural design and function of needles, supporting
our hypothesis H2. In support of our last hypothesis (H3), we
found that certain xylem hydraulic properties, particularly of
roots, varied with mean climatic indices representing CR of the
five species (Figure 7d-f), even though all samples were
obtained from trees growing at one site. Despite the relatively
narrow range in MAP, species from regions with lower rainfall
showed, as would be expected, higher root (t/b)?, smaller root
hydraulic diameter (dj,) and smaller K jumen, implying higher
resistance to embolism, and lower hydraulic efficiency, than
those of wetter CR (Dickison 2000; Hacke et al. 2017). Although
relationships were found with temperature-related variables in
the native range, these were not as strong (Supporting Infor-
mation S1: Table S3). It is noteworthy that root xylem hydraulic
traits showed stronger correlations with CR than those of nee-
dles and branches. Roots, acting as the first sensors of soil water
availability, may be more sensitive to dynamics of soil moisture
than aboveground organs (Hacke et al. 2000; Domec et al. 2010;

Liibbe et al. 2021). Finally, (t/b)* was negatively associated with
K yyiem in branches (Figure 1b). In turn, K values were posi-
tively related to VPD (Supporting Information S1: Figure S3), in
contrast to observation in P. ponderosa (Maherali and
DeLucia 2000). We note, however, that the effect of VPD was
principally caused by the lower VPD in the native range of P.
virginiana and should be cautiously interpreted.

Nevertheless, measurements of water potential (Boroski
et al. 2025) and vulnerability to embolism (Zhang et al. 2025)
support a premise, consistent with Figure 7d,e, that roots of
species with short needles (P. virginiana and P echinata) can
bear more negative xylem pressure and be more resistant to
negative xylem pressures with decreasing precipitation. The
differences observed among the five pine species suggest dif-
ferential susceptibility to warmer and/or dryer conditions. The
genetic constraint on species hydraulic properties indicates that
long-needle bearing species may not be able to acclimate to
drier and hotter conditions. Small populations of montane
longleaf pines are known to coexist with short-leaf and Virginia
pines up to 600 m elevation (e.g., Pine Mountain, GA, USA),
and it would be interesting to see if the anatomical and
hydraulic traits in these populations are consistent with our
results and our proposed integrated framework of whole-plant
hydraulic strategy (Figure 8).

Our study points to strategies of root systems which should
increase drought resistance through adjustment in root
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structure, leading to improved water transport capacity in some
of the species; this variation may be a factor affecting the cur-
rent and future distribution of these species. However, the role
of these structural and functional differences in affecting actual
water transport must be evaluated in the context of hydraulic
traits of both the root system (e.g., rooting depth and area-
density distribution) in relation to crown traits (e.g., leaf area).

4.3 | Partitioning of Resistivity in the Xylem

We found that, in the xylem hydraulic system from roots to
leaves, the specific hydraulic resistivity partitioning between
end-wall pits and lumen in leaves varied greatly among species
(8%-99%), and that this variation was related to NL, in further
support of hypothesis H2 (Figure 5a). Leaf %Rg.pits/Rsxylem
decreased with NL, suggesting that more resistances are added
in series in the longer axial water pathway of longer needles.
The reasons for this could potentially be that there were more
and/or larger pits per unit length in longer needles, leading to
higher K.,its and lower R pig.

Roots had higher %Rq.pis/Rsxylem than leaves and branches
across species (Figure 5). Lancashire and Ennos (2002) dem-
onstrated that tracheid resistance per length, normalised by
cross-sectional area, is minimised when tracheid diameter
increases with 2/3 power of the length, if the number of pits per
area remains constant. In this case, the proportion of resistance
residing in pits would be constant with respect to conduit size
(Ooeda et al. 2018). At these optimal dimensions, pits should
account for 67% of the total resistivity, which is close to the %R;.
pits/ Rsxylem iN leaves and branches, but lower than %R pis/R.
xylem iD roots measured in this and published studies (Domec
et al. 2006). Therefore, only in the aboveground, tracheid
diameter seems to be optimised to maximise conducting effi-
ciency for a fixed tracheid length. Despite these variations, the
average of %R pits/Rs-xylem Was always higher than that of %R
lumen/Rsxylem in the Xylem system across organs and species,
meaning that the radial pathway is the primary site of limitation
and regulation of water transport (Sperry et al. 2005). Taken
together, pits play a major role in determining the efficiency of
water transport through the xylem, and future work should
incorporate more direct measurement of pit hydraulic char-
acteristics across organs and species to provide greater insight
into the sources of variation in plant hydraulic function.

In conclusion, the results suggest that NL and xylem structure
and function are coordinated in a manner consistent with
increasing hydraulic efficiency (Figure 8). These constraints
may limit long-needled species to environments with sufficient
moisture and milder climatic conditions, thereby influencing
their biogeographic distribution. The five species studied here
were planted at one site, eliminating variation that might be
caused by growing in different climatic or edaphic conditions.
Therefore, the relationship between root xylem hydraulic traits
and species’ CR provides evidence of a genetic control over the
development of root xylem, which supports findings on pine
embolism resistance across climate gradients (Lamy et al. 2014;
Lopez et al. 2016; Augustine and McCulloh 2024) The con-
servative nature of xylem traits in pine trees indicates that
xylem anatomical and functional traits are not easily modified

when growing in different climates. Collectively, our results
provide new insight into whole tree hydraulic architecture and
strategies and highlight the need for further research on the
xylem physiological and structural adaptation mechanisms
underlying species distributions.
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