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ABSTRACT

Xylem structure optimizes water conductivity while preventing hydraulic failure via embolism resistance, but
how this process is modulated by climate variability and how it affects secondary growth in mature trees is still
not fully understood, particularly in water-limited environments. Using quantitative wood anatomy techniques,
we estimated xylem anatomical proxies for hydraulic efficiency (xylem specific conductivity, Ks) and safety (cell
wall reinforcement, wrein) in two western US conifers, Pinus flexilis and Pinus longaeva, at a montane and sub-
alpine location respectively. We built two large datasets (570 rings for P. flexilis, 635 rings for P. longaeva) to
investigate 1) the variability of anatomical parameters (i.e lumen diameter, cell wall thickness) and hydraulic
proxies along the stem in the five outermost rings (2009-2013); 2) the response of hydraulic proxies to daily
climate over a period of 24 years (1990-2013); and 3) the relationship between xylem hydraulic architecture and
basal area increment (BAI). Lumen diameter scaled along the stem following a power function, but the scaling
patterns of cell wall thickness and hydraulic proxies differed significantly between species. From 1990-2013, Ks
decreased in both species, whereas wrein increased only in P. longaeva, while no trends were observed in BAL
Climate sensitivity of Ks peaked over a longer period (84-102 days) compared to wrein (20-55 days), responding
to increasing minimum temperature. In both species, Ks was a better predictor of BAI than wrein, indicating that,
even under severely water-limited conditions, radial growth is linked to hydraulic efficiency rather than safety.
Based on the variability of cell density along the stem, the trade-off between hydraulic efficiency and safety in
P. longaeva appeared to be controlled by a strategy of space occupation. Characterizing the mechanistic rela-
tionship between xylem anatomy, plant hydraulic functioning, and stem growth is necessary to better understand
climate-growth relationships in the western US and species’ growth plasticity under future climate change
scenarios.

1. Introduction

ultimately affecting tree performance under a broad range of climatic
and environmental conditions (Gleason et al., 2016; Lourenco et al.,

The anatomical structure of wood represents the tree hydraulic ar-
chitecture, which balances trunk capacity to effectively transport water
from the roots to the canopy against the risk of xylem implosion
(Cruiziat et al., 2002; Mencuccini et al., 1997; Tyree and Zimmermann,
2002). During xylem formation, wood cellular features, such as the size
of tracheid lumens and walls, vary in response to external factors (Butto
et al., 2019; Cabon et al., 2020a; Cuny et al., 2014; Zheng et al., 2022).
As xylem anatomy changes inter- and intra-annually in response to in-
ternal and external factors, so does stem hydraulic architecture (Bryu-
khanova and Fonti, 2013; Deslauriers et al., 2017; Hudson et al., 2018),
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2022; McCulloh et al., 2014; Sasani et al., 2021).

Two processes, namely the optimization of water transport (“effi-
ciency”) and prevention of hydraulic failure (“safety”), represent one of
the main mechanistic linkages between xylem cellular structure and
plant secondary growth (Anderegg et al., 2016; Pacheco et al., 2015;
Pfautsch, 2016). On the one hand, hydraulic traits linked to xylem
conduits properties reflect the tree hydration status during cell forma-
tion and modulate stem-water dynamics (Hudson et al., 2018; Pellizzari
et al., 2016; Prendin et al., 2018). In fact, the theoretical amount of
water flowing through the stem can be calculated from conduit size
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according to the Hagen-Poiseuille law (Tyree and Zimmermann, 2002),
while the thickness of cellular walls relative to conduit size can predict
xylem resistance to implosion under highly negative pressures (Hacke
et al., 2001), such as those experienced during drought or freezing
events (Zheng et al., 2022). Tree secondary growth, on the other hand,
can be quantified using basal area increment, which is equivalent to
tree-ring area (Biondi and Qeadan, 2008), and is an index of the amount
of new wood formed every year throughout the growing season
(Vospernik, 2021).

In theory, higher growth rates should be associated with more effi-
cient xylem, while under severely constraining environmental condi-
tions, with reduced radial growth, hydraulically safer xylem should be
observed (Anderegg et al., 2016; Pfautsch, 2016). Anatomical traits fa-
voring xylem efficiency (i.e. tracheids lumen area) and those promoting
xylem safety (i.e cell wall thickness) generally show respectively a
positive and negative correlation with plant secondary growth (Hoeber
et al., 2014; Poorter et al., 2010). Higher growth rates are associated
with increased conductivity in woody species from temperate (Gleason
et al., 2018; Russo et al., 2010) and tropical environments (Fan et al.,
2012). However, a weak correlation was found between xylem specific
conductivity and growth in the branches of several broadleaf and conifer
species in Mediterranean regions (Rosas et al., 2021; Sterck et al., 2012).
If wood anatomy-growth relationships are investigated at the branch
level (Prendin et al., 2018; Sterck et al., 2012), rather than on the main
stem (Domec and Gartner, 2003; Islam et al., 2019; Piermattei et al.,
2020), dendrochronological measurements cannot usually be employed
to define long term trait-growth relationships (Zimmermann et al.,
2021).

Xylem functional traits derived from quantitative wood anatomy
(von Arx et al., 2016) have been used for retrospective analysis of spe-
cies responses to climatic variability because of their sensitivity to
environmental conditions and their persistence in the wood of living and
dead trees for several decades (Castagneri et al., 2017; Puchi et al.,
2021). As anthropogenic forcing is predicted to increase the frequency
and severity of extreme climatic events (Cook et al., 2020; Stevenson
et al., 2022), assessing how inter-annual variability of xylem hydraulic
architecture determines plant physiological responses helps with eval-
uating species plasticity to past and possibly future hydroclimatic con-
ditions (Anderegg and Meinzer, 2015). However, a detailed
characterization of such xylem hydraulic adjustments has to account for
the variability of wood anatomical parameters, in particular the
widening of conduits (i.e. tracheids) from the top to the bottom of the
stem (Olson et al., 2021; Olson et al., 2018; Soriano et al., 2020). The
distance from the stem apex (hereinafter called “stem length™) in-
fluences wood anatomical parameters, and conduit size widens with
increasing stem length following a power function with an ~0.2 expo-
nential scaling factor (Anfodillo et al., 2006). Hence, comparing species
and/or individuals with different height should consider the vertical
variability of wood anatomical structures, particularly when assessing
the relationships between xylem cellular features and plant water dy-
namics (De Micco et al., 2008).

Plant hydraulic functioning under controlled conditions is relatively
well understood (Cochard et al., 2021; Pfautsch, 2016), but studies of
tree hydraulic adjustments that modulate secondary growth, particu-
larly under natural conditions, are less common (Chenlemuge et al.,
2015; Khansaritoreh et al.,, 2018; Zimmermann et al., 2021). Since
droughts are expected to become globally more frequent (Cook et al.,
2020), assessing the relationship between xylem hydraulic functioning
and tree growth in arid environments can provide valuable information
to understand plants’ plasticity under water-limited conditions (Ber-
kelhammer et al., 2020; Férriz et al., 2023). The Great Basin of North
America represents the largest arid region of the United States, char-
acterized by extreme dryness, particularly in Nevada (Grayson, 2011),
making it suitable to investigate anatomy-growth relationship and its
response to changing environmental conditions. At high elevation,
mountain ranges of the Great Basin are often dominated by limber pine
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(Pinus flexilis E.James) and bristlecone pine (Pinus longaeva D. K. Bailey).
Our own work has contributed to uncover species-specific responses to
hydroclimatic variability in these ecosystems (Liu and Biondi, 2020; Liu
et al., 2021; Ziaco and Biondi, 2016, 2018; Ziaco et al., 2016a). How-
ever, climate-growth relationships at or near the treeline remain noto-
riously complex for these species (Bunn et al., 2018; Salzer et al., 2014),
interacting in multiple ways with demographic processes of these
conifer populations (Millar et al., 2015).

In the present study, we tested the hypothesis that tree growth might
be associated differently by species either to hydraulic safety or to hy-
draulic efficiency in response to varying environmental conditions,
especially drought stress. We estimated xylem anatomical proxies for
theoretical hydraulic efficiency and safety in two natural stands of
P. flexilis and P. longaeva located in central-eastern Nevada (USA). We
then applied dendroclimatic techniques to answer the following ques-
tions: 1) how is the variability of xylem hydraulic architecture related to
that of wood anatomical parameters?; 2) what is the temporal window in
which tree hydraulic functioning is more affected by climate?; 3) how
can changes in hydraulic architecture determined by wood anatomy
affect tree annual basal area increment? For these purposes, we char-
acterized a) the variability of xylem anatomical and hydraulic traits
along the stem in the 5 outermost functional rings over the period
2009-2013, and b) temporal changes in plant hydraulics over a period of
24 years (1990-2013).

2. Materials and methods
2.1. Study area

This study was conducted on two populations of Pinus flexilis
(38°53°24"N, 114°19°53" W) and P. longaeva (38°54°22" N, 114°18°32"
W) located in the Snake Range, eastern Nevada, USA (Fig. la) and
included in NevCAN (Nevada Climate-ecohydrological Assessment
Network; https://nevcan.dri.edu), an elevational transect of fully-
automated, instrumented stations established between 2011 and 2013
in the Great Basin (Mensing et al., 2013). The distribution of P. flexilis
generally extends into lower elevations compared to that of P. longaeva,
found at or near treeline (Lanner, 1984). At the upper limit of its alti-
tudinal distribution, P. flexilis merges with P. longaeva. At our study area,
Pinus flexilis dominates a mixed conifer stand at an elevation of 2810 m
asl, in the montane belt of the Snake Range, while P. longaeva is domi-
nant near treeline (3355 m asl), in the subalpine zone. Recent research in
the Great Basin found that while the upper limits for both species have
shifted upward since 1950, P. flexilis is using its broader range of
tolerance during early-life stages to leap-frog over P. longaeva and
regenerate at high elevations (Millar et al., 2015; Smithers et al., 2021;
Smithers et al., 2018). Other conifer species, Abies concolor (Gordon &
Glend.) Lindley ex Hildebrand and Pseudotsuga mengziesii (Mirb.) Franco
at the montane site, and Picea engelmannii Engelm. at the subalpine site,
are also present.

According to NevCAN data, mean annual temperature at the
montane site during the period 2011-2020 was 5.2 °C (mean maximum
and minimum monthly temperature respectively 12.1 °C and 0.0 °C),
with July (mean monthly temperature = 17.7 °C) and December (mean
monthly temperature = —4.5 °C) being the warmest and coldest months,
respectively. The subalpine site had mean annual temperature of 1.5 °C
during the period 2011-2020, with mean annual maximum and mini-
mum temperatures of 6.7 °C and — 2.8 °C. July was the warmest month
(mean monthly temperature = 12.9 °C) and February (mean monthly
temperature = —7.3 °C) the coldest one. Total annual precipitation
averaged 390 mm at the montane site, mostly (40.1%) falling between
March and May, and it increased to an average of 472 mm at the sub-
alpine site, with May (13.9% of annual total rainfall) and April (12.5%)
being the wettest months. Longer climatic records were obtained from
the public-domain PRISM (Parameter-elevation Relationships on Inde-
pendent Slopes Model) dataset (Daly et al., 2008) by selecting the two
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Fig. 1. a) Geographical location of the two study sites within the western north America and the Great Basin (yellow shaded area). The location of the Snake Range is
highlighted by a red rectangle; b) time series and linear regressions for annual mean values of selected climatic parameters (maximum and minimum temperature,
maximum and minimum vapor pressure deficit, and total precipitation) at the Subalpine and Montane sites for the period 1990-2013. R? and significance (***

p < 0.001; ** p < 0.01) are color coded.

4-km grid cells that include the montane and subalpine sites. Daily
PRISM records of maximum (Tmax) and minimum (Tmin) air temper-
ature, total precipitation (Ppt), maximum (VPDmax) and minimum
(VPDmin) vapor pressure deficit covered the period 1981-2019.

2.2. Sample collection and preparation

In each stand, a total of 8 healthy individuals, showing no signs of
crown or stem damage, were sampled in August 2014. Sampled trees
were chosen among all diameter classes to represent the size distribution
within each population. Average diameter at breast height (~1.3 m
from the ground) of selected trees was 15 cm (range 9-24 cm) for
P. flexilis and 36 cm (range 21-47 cm) for P. longaeva. Tree height for
each tree was carefully measured using a clinometer from a linear dis-
tance of 20 m. P. flexilis had a mean height of 5.9 m (range 4.5-7.1 m),
while the mean height of sampled P. longaeva was 9.7 m (range

6.9-11.8 m). Tree age was determined by collecting an increment core
at breast height. Sampled P. flexilis trees were younger (mean of 64 + 15
years) compared to P. longaeva ones (mean of 156 + 31 years).

For each tree, microcores with a diameter of 2 mm and ~20 mm long
were collected using a Trephor (Rossi et al., 2006a) every 50 cm along
the stem, starting from the ground level up to the highest reachable
point using a ladder. To quantify the scaling of wood anatomical pa-
rameters along the stem, the distance from the stem apex of each sam-
pling point needs to be known (Carrer et al., 2015). Since a direct
measurement of the distance from the treetop was impossible in the
field, for each sampling point we calculated the difference between the
total tree height and the distance from the ground, and then aggregated
the microcores in 50-cm stem-length classes. In P. flexilis we were able to
reach up to 2.25 m from the treetop, while the sampling in P. longaeva
arrived at 3.75 m from the top. After collection, microcores were stored
in 70% ethanol and placed in ice. The relatively short length of the
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microcores ensured that we sampled only the sapwood (Liu and Biondi,
2020). However, given the slow growth rates at these sites, each
microcore included several (i.e. up to 30) annual rings. A total of 108
microcores (53 for P. flexilis and 55 for P. longaeva) were collected, and
at each sampling point along the stem the diameter was carefully
recorded using a measuring tape.

In the lab, microcores were dehydrated in a tissue processor LEICA
TP1020 with ethanol and a clearing agent (Protocol SAFECLEAR II)
(Rossi et al., 2006a) and then embedded in paraffin blocks. Transversal
sections, 10-12 ym thick, were cut with a rotary microtome and
mounted on microscope slides using Permount™ mounting medium.
Paraffin was then removed through successive baths in SAFECLEAR II
and ethanol 100%, and sections were finally stained with safranin
(0.50% aqueous solution). Several highly contrasted black and white
images at 100-200x magnification were captured with a Lumenera In-
finityl digital camera mounted on a Nikon Eclipse Ci-L microscope
across the entire length of each section, and then merged in a single
image using Adobe Photoshop®©.

2.3. Basal area increment, anatomical measurement, and hydraulic
parameters

Tree ring-widths and wood anatomical parameters were measured
with the software WinCELL (Guay, 2013). Ring-widths were measured
on each microcore, then visually and statistically crossdated against
existing chronologies developed for P. flexilis (unpublished data) and
P. longaeva (Ziaco et al., 2016a) at the two sites according to standard
dendrochronological procedures (Stokes and Smiley, 1996). Annually
resolved time series of Basal Area Increment (BAI, mm?), or ring area,
were calculated for each microcore using crossdated ring-width as
follows:
7

BAI, =7

[D2 — (D, —2w,)*]

where Dy is the stem diameter (in mm) at the end of the annual incre-
ment and wy is the annual ring-width (in mm). BAI series were computed
with the function bai.out() in the R package dplR (Bunn et al., 2014).

On each sample, anatomical parameters were measured for each tree
ring by selecting an area covering the entire ring (i.e. earlywood and
latewood) while avoiding resin ducts and cracks. Measured anatomical
parameters included tracheid radial lumen diameter (LD, um), and cell
wall thickness (CWT, um), defined as the average between radial wall
thicknesses. For each ring, the cell density (Dens, N/mmz), defined as
the number of cells by the area analyzed, was also measured. We pooled
together earlywood and latewood since at these locations and for these
two species, latewood is generally formed only by a few (i.e. 2-3) lines of
cells (Ziaco and Biondi, 2016; Ziaco et al., 2016a) and the transition
between earlywood and latewood is driven by the reduction in lumen
radial diameter rather than by an increase in cell wall thickness in the
latter part of the ring (Carvalho et al., 2015), with little effect on whole
ring hydraulic efficiency and/or safety.

Hydraulic efficiency of the stem was represented by xylem specific
conductivity Ks, i.e. the theoretical amount of water flowing per xylem
unit area (Castagneri et al., 2017). For the calculation of Ks, we first
calculated the average theoretical hydraulic conductivity (Kh;, kg m™!
s~} MPa™1), representing the amount of water flowing through the
average tracheid for the ring t, according to the Hagen Poiseuille’s law
(Tyree and Zimmermann, 2002):

n

(np/1281) 3 (LD})
Khy=——
n
where p is the density of water (998.2 kg m~2 at 20 °C), n is water vis-
cosity (1.002 x 102 MPa s at 20 °C), LD is the radial lumen diameter of
i tracheid, and n is the total number of measured tracheids for the ring
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t. Xylem specific hydraulic conductivity (Ks;, kg m s ! MPa 1) was
consequently calculated as:

Ks, = Kh; x Dens;

where Dens, is the cell density (number of cells per mm?) of the ¢ ring. It
should be noted that Ks can be calculated either 1) by dividing the total
conductivity of all cells in the measured area of the ring by the measured
area; or 2) by calculating the average theoretical conductivity for each
cell in the measured area and multiplying for the cell density. Here we
have chosen the second approach (as it can be seen in the formula, the
numerator is the sum of theoretical conductivities of all cells in the ring),
but the two approaches lead to identical results. In general, estimates of
xylem theoretical hydraulic conductivity are generally expected to be
lower than empirical measurements: however theoretical and empirical
measurements of hydraulic conductivity are highly correlated, and
theoretical proxies can be used for comparing stem conductivity be-
tween individuals (Steppe and Lemeur, 2007). In addition, to evaluate
how xylem specific conductivity scaled up at the whole tree level, we
calculated the total theoretical conductivity for each ring (Kr, kgm !s~?
MPa_l) as:

Kr, = Ks, x BAI,

However, since by formulation Kr depends on BAI, this parameter
could not be used as a proxy for hydraulic efficiency and was not used to
test the relationships between xylem architecture and tree growth.

Xylem hydraulic safety was estimated by the cell wall reinforcement
(wrein) (Hacke et al., 2001), considered a good proxy for xylem resis-
tance to embolism and cell wall implosion (Guérin et al., 2020; Heres
etal., 2014). wrein (um/ pm)2 was calculated for each ring as the squared
ratio between the average cell wall thickness and the average lumen
diameter, as follows:

i CWT\?
T = | —
wrein D

All anatomical (i.e. LD, CWT, Dens; Supplementary Figure 1) and
hydraulic parameters (i.e. Ks, Kr, wrein) were averaged by ring, resulting
in two datasets formed by 570 rings for P. flexilis and 635 for P. longaeva.
The scaling of anatomical and hydraulic parameters along the stem was
investigated considering only the last five rings (2009-2013), to 1) be
sure to include only rings in the sapwood, and 2) to account for the
vertical growth of the stem (i.e. at the time of formation of the inner
rings in a microcore, that ring might have been located at a different
distance from the stem apex). We tested several kinds of functions (i.e.,
power, exponential, linear) to describe the vertical scaling of anatomical
and hydraulic parameters, selecting the one with the best fit according
to the highest R2.

2.4. Data analysis

The relationship between tree hydraulic parameters and climate was
investigated using a dendroclimatic approach to assess short-term re-
sponses to recent climatic patterns. First, two mean annual chronologies
of hydraulic parameter Ks and wrein were developed for P. flexilis and
P. longaeva, covering the common period 1990-2013. Each chronology
included all cores sampled at all heights along the stem, hence providing
an exhaustive characterization of the interannual variability of hy-
draulic parameters at the whole tree level. The short length of the series
and the lack of an objective criterion supported by scientific literature to
determine the best approach for detrending such unusual proxies, led us
to the decision to not standardize the chronologies, in order to preserve
any signal driven by recent climatic trends. Partial correlation analyses
were then run between raw chronologies of hydraulic proxies and daily
time series of Tmax, Tmin, Ppt, VPDmin, and VPDmax over the period
1990-2013 using the package dendroTools (Jevsenak and Levanic, 2018)
for the R statistical environment (R Core Team, 2021). Partial
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correlations allow to quantify linear relationships between two variables
while holding constant a third one (Jevsenak, 2020). When testing the
relationship between hydraulic proxies, temperature, and VPD, precip-
itation was used as control variable, while to test the relationship be-
tween Ks, wrein, and Ppt, all the other climatic parameters were
alternatively used as control variables. We checked partial correlations
on running daily intervals with a minimum length of 14 days up to a
maximum of 180 days, starting from January 1st to December 31st. In
order to establish confidence intervals for each partial correlation co-
efficient, 500 bootstrap replications were run for each temporal window
tested (Efron and Tibshirami, 1993).

To assess the relationships between hydraulic parameters and basal
area increment, we produced several linear mixed models to test the
effect of Ks and wrein on BAI and to what extent such relationship re-
mains stable across stems (TREE) and under different climatic stress
(DROUGHT). To define classes of drought, we ranked years from 1990 to
2013 according to values of summer (June to September) Standardized
Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano et al.,
2010) obtained from the global SPEI database (Begueria et al., 2014).
The two sites fell within the same grid so that a single value could be
determined for both sites. The average summer SPEI for the period
1990-2013 was —0.126 + 0.557 (Supplementary Figure 2). Each year
was categorized according to five classes of SPEI, calculated as standard
deviations (SD) from the 1990-2013 mean: very dry (SPEI < —1 SD from
the mean); dry (—1 SD < SPEI < —0.5SD from the mean); neutral
(—0.5 SD < SPEI < +0.5 SD around the mean); wet (+0.5 SD < SPEI <
+1 SD above the mean); very wet (SPEI > +1 SD above the mean).

The datasets of BAI, Ks, and wrein calculated for P. flexilis and
P. longaeva were log-transformed (natural log) to correct their skewness.
To account for a possible effect of previous years’ Ks and wrein on cur-
rent year’s BAI, we calculated the average values of Ks and wrein up to
five years prior to the current one (i.e. Ks;_ being the average between
current and previous year’s Ks) and tested all of them as predictors
(fixed effects). For each hydraulic parameter and species, using TREE
and DROUGHT as random factors, we tested the accuracy of models with
or without random slopes, to evaluate the effect of each random factor
on the relationship between BAI and hydraulic parameters. The best
model fit was determined by likelihood-ratio test, comparing a set of
reduced models with the full one, alternatively omitting the random
factor of interest (leave-one-out validation), until no further reduction of
AIC value was observed. All analyses were performed using the R (R
Core Team, 2021) package Ime4 (Bates et al., 2015).

3. Results

3.1. Height-related variability of wood anatomical traits and hydraulic
parameters

The variation of anatomical and hydraulic parameters measured
along the stems could be described in most cases by a power function
and only occasionally by other kinds of functions (e.g., exponential and
linear; Table 1). In P. flexilis, radial lumen diameter (LD) scaled ac-
cording to an exponential factor of 0.11, while in P. longaeva the scaling
factor was 0.19 (Fig. 2a, Table 1). For stem lengths measured in both
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species (3.75 — 7.25 m), P. flexilis showed larger tracheids (LD = 20.2
+ 3.4 um) and slightly narrower walls (CWT = 4.2 4+ 1.0 ym) than
P. longaeva (LD = 18.8 2.1 um; CWT = 4.8 + 1.3 um), while the
modeled conduit size increased by + 8% for P. flexilis and + 14% for
P. longaeva. In P. flexilis, cell wall thickness (CWT) increased linearly
with stem length (Fig. 2b), resulting in a 10% increase in CWT along the
common stem length. In P. longaeva an opposite trend was observed,
with CWT decreasing exponentially along the stem, with thicker cells
closer to the stem apex (5.1 um at a stem length of 3.75 m) compared to
the lower part of the stem (4.6 um at 7.25 m; —9%; Fig. 2b). The number
of cells per unit area (Dens) for both species was higher near the stem
apex and decreased along the stem following a power function (Sup-
plementary Figure 3), but P. longaeva showed on average a higher
density of cells (1577 + 254 cells mm_z) than P. flexilis (1441 + 300
cells mm~?) in the common stem length.

The variation of xylem anatomy along the stem produced large ef-
fects on tree hydraulic parameters. Although xylem specific conductivity
Ks scaled in both species according to a power function (Table 1), the
increase in Ks between 3.75 and 7.25 m from the stem apex was + 37%
in P. flexilis, while it was + 69% in P. longaeva (Fig. 2c). In P. longaeva,
wrein increased upward by 31%, while in P. flexilis wrein increased
slightly (+4%; Fig. 2d) in the opposite direction. The relationship be-
tween Ks and wrein highlighted a trade-off between hydraulic efficiency
vs. safety (Supplementary Figure 4), in general more pronounced in
P. longaeva than in P. flexilis. However, in P. flexilis Ks was mostly related
to current-year wrein, while in P. longaeva the interannual variability of
Ks was better described by the average wrein over the previous 5 years
(wrein;_s; Supplementary Figure 4).

In both species the vertical distribution of BAI was best fit by an
exponential function (Table 1), although higher BAI values were
observed in the common stem length in P. longaeva compared to
P. flexilis (Fig. 3a). However, thanks to the different scaling of Ks along
the stem, the total ring theoretical conductivity Kr varied almost iden-
tically in both P. longaeva and P. flexilis (Fig. 3b), following a power
function with similar scaling factors (1.63 in P. flexilis and 1.53 in
P. longaeva) and coefficients (232.5 in P. flexilis and 312.7 in P. longaeva;
Table 1).

3.2. Temporal trends of hydraulic parameters and climate-hydraulic
relationships

Average BAI was higher in P. longaeva (690 + 79 mm? yr!) than in
P. flexilis (303 & 84 mm? yr™1). In the period 1990-2013, annual basal
area increment varied little, although in P. longaeva a non-significant
(Mann-Kendall test p = 0.36) decreasing trend was observed, contrary
to the increasing, non-significant trend shown by P. flexilis (p = 0.13;
Fig. 4a). The mean annual Ks was slightly higher in P. flexilis (12.4e~2*
+1.9e 2 kgm~! s7! MPa™!) than in P. longaeva (11.7e 2% + 2.1e ?*kg
m~! 57! MPa~1), with both species showing a significant (p < 0.01 in
P. flexilis and p < 0.05 in P. longaeva) decrease in xylem specific con-
ductivity between 1990 and 2013 (—0.149¢~2* and —0.165¢2* kg m ™!
st MPa ™! respectively in P. flexilis and P. longaeva; Fig. 4b). Average
wrein was identical between the two species (0.054 + 0.008 (um/um)?
in P. flexilis and 0.054 + 0.01 (plm/pm)2 in P. longaeva), but P. longaeva

Table 1

Formulas defining the variation of wood anatomical, hydraulic, and growth (BAI) parameters as a function of stem length (SL) in Pinus flexilis and Pinus longaeva.
Pinus flexilis
Parameter LD CWT Ks wrein BAI Kr
Formula ~16.61 + SL*!! ~0.115 SL + 3.579 ~ 5.34¢ 24 5 SLO8 ~ 0.04 % SLO° ~ 61.95 x e(0-2745L) ~ 232.5¢ 24 S1 3
R? 0.286 0.196 0.690 0.002 0.771 0.762
Pinus longaeva
Parameter LD CWT Ks wrein BAI Kr
Formula ~13.32 x SL* ~ 5.63  ¢(70027:5L) ~ 2.10e 24 + SO0 ~ 0.13 x (~0105:5L) ~ 295.86 # ¢(0-099+5L) ~ 312.7e %% x SL153
R? 0.293 0.192 0.493 0.339 0.506 0.743
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presented an increase (p < 0.001) in wrein during 1990-2013 which
was not observed in P. flexilis (Fig. 4c). Mean annual time-series of BAI
and wrein were not or only slightly correlated between species (Fig. 4d,
f), while series of Ks showed a significant correlation (r = 0.46,
p < 0.05; Fig. 4e) between P. flexilis and P. longaeva.

In both species, xylem specific conductivity was negatively linked
with Tmin, though at different temporal windows. P. longaeva correlated
with Tmin (r = —0.63) over an 84-day period between June 26 and
September 17 (Fig. 5a), and P. flexilis showed a stronger relationship
(r = —0.76) over a 102-day timespan, from June 4 to September 13
(Fig. 5¢). Cell wall reinforcement was also related to Tmin in P. longaeva
(r = 0.76), but such relationship emerged in the late summer, in a 55-
days period between July 22 and September 14 (Fig. 5b). In P. flexilis,
on the other hand, cell wall reinforcement was correlated during the
early growing season, and over a shorter interval (20 days, from June 9
to June 28) with VPDmin (r = 0.77) (Fig. 5d).

3.3. Effects of hydraulic parameters on basal area increment

Correlation analysis revealed that in P. flexilis, BAI was correlated
with the average Ks over the last three years (Ks;_3) (Pearson’s corre-
lation coefficient r = 0.56, p < 0.001), and with average wrein over the
previous three years (wrein;_s) (r = —0.18, p < 0.001). In P. longaeva,

on the other hand, BAI best correlated with current year Ks (r = 0.37,
p < 0.001) and with the average wrein in the previous five years
(wreinj_s; r = —0.13, p < 0.01). In both species, BAI was best predicted
by a model including only TREE as random factor, but not DROUGHT
(Table 2). Significant random intercepts and slopes emerged for Ks but
not for wrein, indicating that the relationship BAI ~ Ks was different
between individuals, but not between levels of drought stress (Table 2,
Fig. 6, Supplementary Figure 5). Ks had the highest model coefficients in
both species, producing a positive effect on BAI, but in P. flexilis such
relationship was more pronounced than in P. longaeva (Table 1). Even
wrein had a slightly positive impact on tree basal area growth, greater in
P. longaeva than in P. flexilis.

4. Discussion
4.1. Vertical variability of xylem hydraulic architecture

In P. longaeva and P. flexilis, lumen diameter widened from the top of
the tree to the ground following a power function, which is the tip-to-
base pattern observed across all phylogenetic plant groups and terres-
trial biomes (Olson et al., 2021). Both species showed a scaling factor
between 0.1 and 0.3, in agreement with experimental measurements in
several angiosperms and conifer species (Anfodillo et al., 2006;
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Anfodillo et al., 2012; Lazzarin et al., 2016; Petit et al., 2011; Rosell
etal., 2017; Soriano et al., 2020). The higher scaling factor in P. longaeva
(0.19) indicates a faster increase in lumen diameter with increasing
distance from the apex, implying that this species minimizes the accu-
mulation of path-length hydraulic resistance while maximizing hy-
draulic efficiency (Prendin et al.,, 2018), at the expense of specific
conductivity (i.e. see the lower Ks of P. longaeva compared to P. flexilis in
the common stem length) and height growth (Rosell et al., 2017). On the
other hand, the lower scaling factor in P. flexilis (0.11) denotes a slower
tip-to-base widening of tracheids diameter. Such behavior would allow
P. flexilis to concentrate higher resistance at the apical part of the hy-
draulic path and then accumulate more path-length hydraulic resistance
along the stem (Lechthaler et al., 2020), but it would also expose it to a
higher risk of hydraulic failure due to the formation of embolisms and to
higher carbon costs associated to the assemblage of fast widening con-
duits (Olson et al., 2018).

We did not find a clear height trend in cell wall thickness, consis-
tently to what was reported for other conifer species (Anfodillo et al.,

2012). However, we found a difference between P. flexilis, showing a
slight linear increase in CWT from the stem tip to the ground, and
P. longaeva, in which CWT increased toward the top of the stem. Such
pattern implies that in P. flexilis we should expect thicker cell walls at the
stem base as the tree gets taller, while the thicker walls in the proximity
of stem apex in P. longaeva lead to higher wrein values, contributing to
higher margins of hydraulic safety. Increasing resistance to cell wall
implosion close to the stem apex has also been observed in large in-
dividuals of Pinus ponderosa and Pseudotsuga mengiesii (Domec et al.,
2009). It should be noted that, despite the different scaling patterns of
wood anatomical (LD and CWT) and hydraulic parameters (Ks and
wrein) between P. flexilis and P. longaeva, the different scaling of BAI
resulted in almost identical vertical patterns of total ring conductivity
(Kr). This suggests convergent dynamics of hydraulic functioning based
on the regulation of different xylem anatomical parameters.

The vertical variability of hydraulic parameters in P. longaeva defies
the expected age- and size-related ontogenetic increase of conduit size
(Carrer et al., 2015). In fact, despite a similar relationship between stem
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Table 2

Summary of the best linear mixed models describing the relationship between
BAI, xylem specific conductivity (Ks), and cell wall reinforcement (wrein) in
Pinus flexilis and Pinus longaeva. For fixed terms, estimates and 95% confidence
intervals (CI) are provided. Significance of random effects was calculated by
likelihood-ratio test for models with/without each effect (leave-one-out
verification).

Pinus flexilis
Response variable log[BAI]
Predictors Estimates CI P
Fixed Effects
(Intercept) 70.14 60.69 — 79.58 < 0.001
log[Ks;_3] 1.20 1.02-1.38 < 0.001
log[wrein;_3] 0.37 0.27 - 0.47 < 0.001
Random Effects Variance Std. Dev.
TREEntercept 0.32 0.56
log[Ks; 3] | TREEsjope 0.00 0.02
Residual (c%) 0.14
Marginal R? 0.24
Conditional R? 0.71
Pinus longaeva
Response variable log[BAI]
Predictors Estimates CI p
Fixed Effects
(Intercept) 15.48 10.76 — 20.20 < 0.001
log[Ks] 0.16 0.08 - 0.25 < 0.01
log[wrein;_s] 0.12 0.05-0.19 0.001
Random Effects Variance Std. Dev.
TREEntercept 0.14 0.37
log[Ks] | TREEgjope 0.00 0.00
Residual (c?) 0.08
Marginal R? 0.02
Conditional R? 0.58

length and diameter in both species, with larger (and older) individuals
of P. longaeva in the common stem length range 3.75 — 7.25 m (Sup-
plementary Figure 6), average tracheid lumen diameter was smaller
compared to P. flexilis. This was caused by the higher number of tra-
cheids per mm? in P. longaeva, a peculiarity in its hydraulic architecture
suggesting that the trade-off between hydraulic efficiency and safety in
this species might be partially controlled by a strategy of space occu-
pation (Savage et al., 2010). Such “packing rule” strategy acts on the
number of conduits to modulate the trade-off between efficiency and
safety (Sperry et al., 2008). In this case, the hydraulic architecture of
P. longaeva would depend on a more complex set of interactions between
mechanical constraints, which are expected to act on the wall-to-span
ratio (Pittermann et al., 2006) and environmental constraints, particu-
larly with the need to prevent both drought- and freeze-induced emb-
olisms by adjusting tracheid lumen size (Carvalho et al., 2015;
Pittermann and Sperry, 2006; Zheng et al., 2022).

4.2. Climatic drivers of interannual variability in xylem hydraulic
parameters

Partial correlation results showed that, in both species, xylem hy-
draulic parameters were mostly coupled with air minimum temperature
(Tmin), with both Ks and wrein showing a stronger climatic sensitivity in
P. flexilis. The longer temporal window of climatic sensitivity for Ks than
for wrein indicates that xylem hydraulic efficiency is modulated by cli-
matic conditions recorded over a longer portion of the growing season
compared to hydraulic safety. June appeared as a critical month for both
hydraulic efficiency and safety in both species. Previous studies on
xylogenesis conducted at these locations have revealed how the
maximum cell division rate occurs in the last week of June (June 26) for
P. longaeva (Ziaco et al., 2016b) and in the first one (June 8) for P. flexilis
(Ziaco and Biondi, 2016), close to the summer solstice (Cabon et al.,
2020b; Rossi et al., 2006b). Interestingly, these dates define also the
beginning of the climatic window of maximum climatic sensitivity for Ks
(in P. longaeva) and wrein (in P. flexilis), suggesting that the assemblage
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of xylem hydraulic architecture occurs after the initial pulse of radial
growth characterized by active cellular division and enlargement
(Deslauriers et al., 2017), when cell wall deposition becomes the pre-
dominant process (Cuny et al., 2019; Cuny et al., 2015). Furthermore,
transpiration rates peak in mid- to late-June in both species, suggesting
an ample supply of carbohydrates sustaining maximum rate of xylem
formation (Liu and Biondi, 2020).

In both species, the climatic response of Ks and wrein was linked to
parameters (Tmin and VPDmin) defining evapotranspiration demands,
rather than directly to water availability. The lack of a significant re-
lationships between Ks and precipitation is particularly interesting,
considering that LD, one of the main parameters contributing to the
calculation of Ks, generally show a strong association with moisture
conditions in arid environments (Balanzategui et al., 2021; Carvalho
et al., 2015). This means that interannual variability of xylem hydraulic
proxies can be decoupled from the climatic signal recorded in wood
anatomical parameters. Less surprising is the lack of a precipitation
signal in wrein, since CWT, the main driver of resistance to cell implo-
sion, carries a weak climatic signal in water limited environments of the
western US (Ziaco et al., 2016a). On the other hand, temperature is one
of the main drivers of plant transpiration rates and the strong relation-
ships between xylem hydraulics (i.e. Ks and wrein) and minimum tem-
perature supports a recent long-term study, based on sub-hourly
dendrometer records, showing the predominant control of evapotrans-
piration conditions on stem radial growth (Zweifel et al., 2021).

In the period 1990-2013 hydraulic efficiency decreased in both
species. Considering that at both sites stand density is low, we can
exclude changes in access to resources as a cause for such reduction in
Ks, as confirmed by the lack of significant trends in BAIL, but rather hy-
pothesize a climatic control over this process. This is suggested by the
significant correlation between annual time series of Ks of P. flexilis and
P. longaeva, which points to the presence of a common climatic driver
behind the interannual variability of xylem hydraulic efficiency, and it is
further supported by the dendroclimatic analysis. Between 1990 and
2013, Tmin showed a -+ 0.09°Cyr ' at the subalpine site and
+0.06 °C yr~! at the montane one, without any significant change in
precipitation (Fig. 1b). When looking specifically at the temporal win-
dows with maximum climatic sensitivity for Ks in P. longaeva (26 Jun —
17 Sep) (Supplementary Figure 7a,b) and P. flexilis (4 Jun — 13 Sep)
(Supplementary Figure 7c,d), the annual increase in Tmin was even
higher (+0.15 °C and +0.11 °C per year respectively at the subalpine
and montane sites). Similarly, different trends in climatic variability
between the subalpine and montane site are likely to explain the in-
crease in cell wall reinforcement observed in P. longaeva but not in
P. flexilis. In P. longaeva, wrein was in fact related to Tmin between July
22 and September 14, and in the period 1990-2013 an increasing trend
was recorded for this parameter at the subalpine site (Supplementary
Figure 7e,f), while VPDmin, responsible for interannual variability of
wrein in P. flexilis, did not show any significant trend (Supplementary
Figure 7 g,h).

Using raw instead of standardized data may have contributed to the
emergence of the observed climate-anatomy relationships, and the
presence of decadal trends, particularly in Tmin, might have partially
overshadowed the effect of interannual climatic variability on xylem
hydraulic traits. However, the decision to use raw data was deemed
consistent with respect to the goal of this research and with the current
understanding of detrending techniques and their applicability to non-
ring-width proxies. First, in this work we aimed at investigating how
tree hydraulic parameters derived from xylem anatomy are responding
to current environmental changes, including short-term climatic trends,
rather than testing their potential as paleoclimatic proxies (i.e see
Lopez-Saez et al., 2023). This allowed us to use xylem anatomical and
hydraulic parameters as a diagnostic tool for tree functioning and trait
plasticity under specific growing conditions (Borghetti et al., 2020) in a
region highly exposed to climate warming (Sambuco et al., 2020).
Second, the short length of the temporal series analyzed (<30 years), the
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Fig. 6. Scatterplots showing the relationship between BAI and Ks for each random factor (TREE and DROUGHT) considered in this analysis. All random factors were
plotted, regardless of their inclusion in the final models listed in Table 2. The linear mixed models are based on the full datasets (570 rings for Pinus flexilis; 635 for

Pinus longaeva) measured in the period 1990-2013.

lack of commonly accepted criteria to determine the best standardiza-
tion technique in time series of wood anatomical parameters (see Carrer
et al., 2015), and the lack of information about ontogenetic trends for
such proxies prevented us from performing a state-of-art standardization
of time series of Ks and wrein. Finally, it should be noted that the usage of
raw, undetrended series in quantitative wood anatomy is common
practice, even with long time series (Carrer et al., 2018; Lopez-Saez
et al., 2023).

4.3. Relationships between xylem hydraulic parameters and basal area
increment

BAI was positively correlated with Ks in both species, but such re-
lationships showed a large variability between trees. We found a species-
specific temporal difference in the response of BAI to Ks, with the
average Ks observed during the last three years being more correlated
with current year’s BAI in P. flexilis but not in P. longaeva. This means
that the hydraulic adjustments in P. longaeva have a faster effect on the
overall plant’s growth, whereas in P. flexilis, changes in hydraulic ar-
chitecture propagate over multiple years, potentially limiting its ca-
pacity to recover after a drought (Anderegg et al., 2015). Previous
studies based on sap-flow sensors have highlighted a higher memory
effect in P. flexilis compared to P. longaeva with respect to previous water
conditions (Liu and Biondi, 2020). Cell wall reinforcement, on the other
hand, emerged as a weak predictor for BAI in both species. In this case,
BAI was linked with the 5-year average cell wall reinforcement in

10

P. longaeva, while it consistently remained correlated to the 3-year
average in P. flexilis. Hence, in both species the mechanisms of hy-
draulic safety showed potentially higher legacy effects on tree growth
than those for hydraulic efficiency.

In both species, the relationship between BAI and hydraulic param-
eters was largely affected by differences among individuals, as demon-
strated by the difference between the marginal and conditional R? in all
models. In particular, the significance of a random slope for Ks in each
TREE level indicates that individuals of P. flexilis with higher BAI
benefitted less from increasing xylem conductivity. At the same time a
slightly positive effect of wrein on BAI emerged in both species, sug-
gesting that investing in hydraulic safety could have positive effects on
tree growth, despite higher building costs (Heres et al., 2014). Overall,
in P. longaeva the relationship between stem hydraulic architecture and
BAI did not significantly change during wet vs. dry years, possibly
indicating a reduced climatic control on stem hydraulics. The weaker
relationship between BAI and Ks, in light of the lower correlation be-
tween Ks and Tmin in P. longaeva compared to P. flexilis, is consistent
with the low plasticity observed in interannual growth patterns
(Smithers et al., 2021) and xylem anatomical features in P. longaeva
(Connor and Lanner, 1990).

5. Conclusions

Our analysis of interannual variability of wood anatomical and hy-
draulic parameters at the whole-tree level allowed for better assessing
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the influence of xylem functional traits on tree growth in two forests
dominated by two of the most common species in the mountain ranges of
the Great Basin of North America. First, our initial hypothesis of a dif-
ferential control of hydraulic safety vs. efficiency on BAI in response to
varying climatic conditions was not confirmed. While the temporal
distribution of climatic sensitivity of parameters related to hydraulic
efficiency and safety pointed toward a prioritization of safety in the
more drought-exposed species, P. flexilis, xylem specific conductivity
still exerted a stronger control on annual stem basal area increment in
both species. Hence, we concluded that regardless of the strength of the
efficiency vs. safety tradeoff at the xylem anatomical level, hydraulic
conductivity can outcompete safety in determining stem growth even in
water-limited environments. With specific regard to the Great Basin of
North America, our data suggest that P. flexilis might be favored under
warmer/wetter environmental conditions, thanks to its tighter control of
Ks on BAL On the other hand, P. longaeva might still prevail under
warmer/drier climatic scenarios, thanks to its peculiar xylem hydraulic
structure and relatively lower climatic sensitivity. Our study, conducted
in natural conditions, is therefore consistent with the results of common
garden experiments (Smithers et al., 2021), and highlights the need to
include field-based observations of trait-growth relationships in vege-
tation models (Simeone et al., 2019). It also demonstrates the potential
of functional traits derived from xylem anatomy as a diagnostic tool for
forest ecosystem health and functioning and as a promising way to
better understand climate-growth relationships and to forecast the
species’ growth plasticity in water-limited environments under future
climate change scenarios.
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