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ARTICLE INFO ABSTRACT
Editor: Elena Paoletti Integration of whole-plant stomatal regulation and xylem hydraulics is of critical importance for predicting species re-
sponse to drought stress. Yet intraspecific variability of stomatal and hydraulic traits, and how these variabilities inter-
Keywords: act, remain largely unknown. We hypothesized that drought can drive less stomatal regulation but increase xylem
Sap flow hydraulic safety, resulting in stomatal-hydraulic coordination within a species. We estimated sensitivity of whole-
g;;sdﬂaer;l:my tree canopy conductance to soil drying together with xylem hydraulic traits of two dominant conifers, i.e. limber
Picea engelmannii pine (Pinus flexilis) and Engelmann spruce (Picea engelmannii). Our study was conducted using sub-hourly measure-
NevCAN ments over five consecutive years (2013-2017) at three instrumented sites with different elevations within the Nevada
Snake Range Eco-hydrological Assessment Network (NevCAN) in Great Basin sky-island ecosystems. Both conifers showed a reduc-

tion of stomatal sensitivity to soil drying at lower elevations, indicating an active stomatal acclimation to drought.
While limber pine increased xylem embolism resistance in parallel with reduced stomatal sensitivity to soil drying,
an opposite hydraulic adjustment was detected in Engelmann spruce. Our results provide evidence that mature trees
can respond to climatic changes using coordinated shifts in stomatal regulation and xylem hydraulics, but such
changes can differ within and between species in ways that need to be examined using in situ data. Deciphering intra-
specific variability in whole-plant stomatal and hydraulic traits ultimately contributes to defining drought tolerance
and vulnerability, particularly for tree species that inhabit a wide range of landscapes.
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1. Introduction

Frequent and intense drought episodes driven by rising air temperature
and shifting precipitation regimes (IPCC, 2018) have been linked to forest
decline and mortality in natural ecosystems worldwide (Allen et al.,
2010; Choat et al., 2018; Brodribb et al., 2020; Hammond et al., 2022;
McDowell et al., 2022). These mortality events pose major challenges for
forest ecosystem services and their potential to mitigate the impact of
global carbon dioxide emissions (Anderegg et al., 2020). While different
tree species can employ distinct survival strategies to withstand drought
stress (Pivovaroff et al., 2016), a species' capacity to deal with drought de-
pends fundamentally on active acclimation, i.e. a variety of physiological
and/or structural adjustments to compensate for decline in performance
under drought conditions (Choat et al., 2018; Brodribb et al., 2020). Even
though potential compensating mechanisms of within-species ecophysiol-
ogy may be insufficient to buffer species from mortality (Anderegg et al.,
2019), understanding the extent of adaptive adjustments of physiological
and hydraulic/anatomical traits can enable better predictions of species tol-
erance and susceptibility to future drought.

Woody plant responses to drought, and its associated mortality, involve
an intricate interplay of physiological mechanisms operating at multiple
scales (Choat et al., 2018; Brodribb et al., 2020; Trugman et al., 2021;
Hartmann et al., 2022; McDowell et al., 2022). A hydraulic framework
linking stomatal regulation of gas exchanges with the integrity of water
transport systems has emerged as a promising avenue for better under-
standing forest tree mortality under drought conditions (McDowell et al.,
2008). This approach has motivated categorizing plants as isohydric or
anisohydric (Tardieu and Simonneau, 1998), but most metrics of iso/
anisohydry are defined in terms of a single plant trait (e.g., Bartlett et al.,
2012; Choat et al., 2012), thereby making them less predictive of whole-
plant vulnerability to drought-induced mortality (Martinez-Vilalta and
Garcia-Forner, 2017; Hochberg et al., 2018; Kannenberg et al., 2022).

An integrated and coordinated whole-plant function of leaves (stomatal
control) and stems (mainly hydraulic traits) can deepen our understanding
of tree performance during drought (Skelton et al., 2015; Fu et al., 2019;
McCulloh et al., 2019). Recent field and meta-analysis studies have re-
ported a tight coordination across species between stomatal behavior and
Ps5 (xylem pressure at 50 % loss of hydraulic conductance), which is a di-
rect measure of xylem resistance against embolism formation (Klein,
2014; Bartlett et al., 2016; Pivovaroff et al., 2018; Flo et al., 2021). While
leaf and stem functional traits may have coevolved along a single trajectory
and experienced convergent selection pressures, such a relationship was
not evident among either angiosperms or gymnosperms in temperate
rainforests (Laughlin et al., 2020). Stomatal closure and embolism resis-
tance can in fact be decoupled when reaching a critical threshold (Martin-
StPaul et al., 2017). Inconsistent or conflicting results may partly arise
from large intraspecific variations in both of these traits, thereby confound-
ing species-level mean trait values (Anderegg, 2015; Kannenberg et al.,
2022). Because interspecific trait correlations are not always held at the in-
traspecific level (Anderegg et al., 2018; Fajardo et al., 2022), further inves-
tigations are required to determine whether and how stomatal-hydraulic
relationships co-vary within a species.

The fitness and fate of a species under climate warming rely primarily
on its adaptive capacity to modulate stomatal conductance to dry and hot
conditions (Lin et al., 2015). Leaf drought tolerance has been normally
quantified by turgor loss point, which is an indicator of stomatal closure
(Brodribb et al., 2003). However, leaf turgor loss point is weakly related
to stomatal closure or species drought strategy (i.e., degree of isohydry
and anisohydry; Farrell et al., 2017), undermining its utility as a proxy
trait for plant drought tolerance and vulnerability (but see Bartlett et al.,
2012). Stomatal sensitivity to drought stress, with its explicit physiological
significance and direct link to plant drought tolerance, is a better candidate
for these purposes (Lin et al., 2015; Farrell et al., 2017; Flo et al., 2021).
While Flo et al. (2021) uncovered a wide spectrum of stomatal sensitivity
to drought stress among species, the plastic adjustment of stomata regula-
tion under water stress is species specific and even site specific. For
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instance, Pinus sylvestris (Poyatos et al., 2007) and Picea abies (Peters
et al., 2019) exhibited no apparent shift in sensitivity of stomata to natural
atmospheric drought across their geographical or elevational ranges,
whereas plasticity in stomatal regulation of Larix decidua was only found
at the wettest site (Peters et al., 2019). In contrast, experimental warming
and drought applied to mature Pinus edulis and Juniperus monosperma re-
vealed a consistent reduction in sensitivity of stomata to atmospheric
drought (Grossiord et al., 2017).

As mentioned previously, the degree of stomatal sensitivity to water
stress can be constrained by hydraulic architecture across species (Bush
et al., 2008; Flo et al., 2021). Hydraulic traits, including Pso and hydraulic
transport efficiency, vary substantially between species and are crucial for
understanding species' ability to cope with drought conditions (Tyree and
Sperry, 1989; Choat et al., 2012). However, current knowledge of within-
species variability of hydraulic traits is limited and has sometimes remained
inconclusive. While some angiosperm species (e.g., beech and eucalypt)
may have a higher potential to actively adjust Ps, under increasing water
stress (Wortemann et al., 2011; Schuldt et al., 2016; Stojni¢ et al., 2018;
Pritzkow et al., 2020; but see Rosas et al., 2019; Fuchs et al., 2021; Alon
et al., 2023), such plastic responses appear to be weaker in gymnosperm
species (Choat et al., 2018; Brodribb et al., 2020). Limited phenotypic plas-
ticity in embolism resistance of pine species in Europe (Martinez-Vilalta
et al., 2009; Lamy et al., 2014; Rosas et al., 2019) and in North America
(Maherali and DeLucia, 2000) suggests that canalization in cavitation resis-
tance (i.e., low phenotypic plasticity or lack of genetic variability) may
hamper the capacity of pine species to adapt to dry environments. Other
studies instead have detected plasticity in cavitation resistance of Pinus
pinaster (Corcuera et al., 2011) and Pinus canariensis (Lopez et al., 2016),
but in the latter species only at the arid limit of its distribution range. More-
over, xylem-specific hydraulic efficiency may not show adaptive adjust-
ments with increasing aridity within a species (Martinez-Vilalta et al.,
2009; Schuldt et al., 2016; Rosas et al., 2019; Fuchs et al., 2021), even
though leaf-specific hydraulic conductivity could decline due to shifts in re-
source allocation between leaf area and sapwood area (Martinez-Vilalta
et al., 2009; Schuldt et al., 2016).

Intraspecific variability of xylem anatomy-derived hydraulic efficiency
and/or safety is also mixed, ranging from a high degree of plasticity of hy-
draulic adjustments in response to decreasing precipitation or drought
stress (Liang et al., 2019; Puchi et al., 2020) to no phenotypic plasticity of
hydraulic traits under precipitation exclusion experiments (Hudson et al.,
2018; Petit et al., 2022). Additional investigations of synchronous adjust-
ments in stem hydraulic traits should better elucidate the mechanism of sto-
matal regulation acclimation within individual species. Furthermore, the
role of frost and associated freezing-thawing cycles are often overlooked
(Charrier et al., 2021; McCulloh et al., 2022; but see Mayr et al., 2006;
Vicente et al., 2022). This is particularly the case for species that have a
wide geographical distribution that exposes them to multiple environmen-
tal stressors, which may reshape the adjustment of hydraulic traits.

Semiarid subalpine sky-island forests occur in isolated mountain ranges
surrounded by lowland desert “seas”. In these unique ecosystems, mixed
evergreen conifers grow across a broad range of environmental conditions
along elevation gradients, from warm-dry edges to cool-wet subalpine
treelines (Debano et al., 1995). Among recently established instrumental
observatories, the Nevada Climate-ecohydrological Assessment Network
(NevCAN; Fig. 1a; Mensing et al., 2013) provides a rare opportunity for ex-
ploring tree responses to varying hydro-climatic conditions (e.g., Liu and
Biondi, 2020, 2021). In this study, we hypothesized that drought should
drive reduced stomatal sensitivity to soil drying together with increased
xylem resistance against air embolism, resulting in stomatal-hydraulic coor-
dination within conifer populations. We then asked the following ques-
tions: (i) did trees growing in warmer-drier conditions downregulate
stomatal sensitivity to drought compared to trees in cooler-wetter habitats?
(ii) how did xylem hydraulic traits vary along an elevation gradient within
a species? (iii) were stomatal and xylem hydraulic traits coordinated at the
intraspecific level? To answer these questions, multi-year sap flow mea-
surements with sub-hourly resolution were used to approximate
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Fig. 1. Geographic location of the Nevada Climate-ecohydrological Assessment Network (NevCAN) and water-year (October-September) climate time series over the
1896-2019 period (Tables 1 and S1). (a) Satellite image of the Snake Range “sky island” (cyan square in Nevada map) showing the three study sites (red triangles).
(b) Time series of mean air temperature at the three sites. (c) Time series of total precipitation at the three sites.

whole-tree canopy stomatal conductance and quantify its sensitivity to soil represented a natural experiment across thermal and moisture conditions of

drying. In addition, xylem hydraulic traits of instrumented trees were de- limber pine (Pinus flexilis James) and Engelmann spruce (Picea engelmannii
rived from cell wall reinforcement, a proxy for xylem cavitation resistance, Parry) populations (Ziaco et al., 2014; Ziaco and Biondi, 2016). Limber
to determine hydraulic efficiency and safety. pine and Engelmann spruce naturally occur in mixed-conifer stands on the

Snake Range, although Engelmann spruce was absent at the lower elevation
2. Materials and methods Montane West site, where Douglas fir (Pseudotsuga mengziesii) and white fir

(Abies concolor) co-occurred with limber pine. Other overstory species were
2.1. Study sites, tree species, and environmental conditions bristlecone pine (Pinus longaeva) at the Subalpine West site, and quaking

aspen (Populus tremuloides) at the Subalpine East site. Soil features were de-
Field measurements were carried out at three NevCAN sites (Montane scribed in details by Johnson et al. (2014, 2016).

West, Subalpine West and Subalpine East) located at different elevations on Study sites are characterized by a continental climate with cold winters
the Snake Range of eastern Nevada (Fig. la; Table S1). These sites and dry summers (Houghton et al., 1975). Standard meteorological
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instrumentation, with additional in-situ environmental and plant sensors,
are located at each NevCAN site to monitor sub-hourly changes in soil
and vegetation — see Liu and Biondi (2020, 2021) and Liu et al. (2021)
for details on measured environmental and plant variables. At each site, en-
vironmental conditions, including air temperature (T,, °C), relative humid-
ity (RH, %), precipitation (Prec, mm), soil moisture at 10 and 20 cm depths
(SM;o and SM», %), were measured during 2013-2017 with sub-hourly
resolution. We only used soil moisture from 20 cm depth (hereafter referred
as SM) for further analysis because growing-season transpiration of limber
pine and Engelmann spruce relies on winter snowpack sourced from deeper
soils (Liu and Biondi, 2021). Vapor pressure deficit (VPD, kPa) was com-
puted according to Jones (1992) using 10-min values of air temperature
and relative humidity.

Long-term temperature and precipitation were available from the pub-
lic domain version of the Parameter-Regression at Independent-Slopes
Model (PRISM) dataset (Daly et al., 2008). Water-year (October—Septem-
ber) mean air temperature and total precipitation were calculated from
monthly records for the 4-km grid cell that contained each site. Moving
from the highest elevation site (Subalpine West) to the lowest one (Mon-
tane West), long-term (1896-2019) mean annual temperature increased
from 3.1 + 0.8 to 6.7 + 0.8 °C, whereas total annual precipitation de-
creased from 696 + 168 to 462 + 109 mm (Fig. 1b, c; Table S1).

2.2. Sap flow measurements

Two to five healthy and mature trees per species per site (Table 1) were
instrumented with Granier-type thermal dissipation sensors (Granier, 1987;
TDP30, Dynamax, Houston, Texas, USA) to continuously measure sap flux
density (see Liu and Biondi, 2020, 2021 for additional sensor details). To
examine the possible thermal effects of radiation on circumferential varia-
tion in sap flux density, one additional sensor was placed on the south
side of three limber pines and one Engelmann spruce (Table 1). Given
that freezing/thaw events in spring and autumn may introduce substantial
noise into output signals, we focused on growing-season (June-September)
sap flow data in subsequent analyses. Two increment cores were collected
at breast height from each instrumented tree to estimate sapwood thickness
(Table 1). Sap flux density was calculated following the empirical equation
developed by Granier (1987). Corrections of raw data, and other sap flux
calculations, were applied as in Liu and Biondi, 2020, 2021 (Table 1).

To better represent sap flow across the entire active sapwood (for most
trees, sapwood depth was longer than probes; Table 1) and the correspond-
ing whole-tree canopy stomatal conductance, we separated sapwood into
1-3 concentric rings at 3-cm intervals, depending on sapwood depths,
and employed species-specific radial decreases in sap flow density for the
inner interval(s) (Pataki et al., 2011). For Engelmann spruce, we used a

Table 1

Characteristics of instrumented trees for sap flow measurement at three sites in the
Snake Range, including diameter at breast height (DBH), height, sapwood depth
(Dy), and sapwood area (Ay).

Species Site Tree code DBH Height D; A, (cm?)
(em)  (m) (cm)

Pinus flexilis ~ Montane West Mon_P1 270 75 412 296.24

(2818 m) Mon_P2? 300 7.5 4.38 35223

Subalpine East SubE _P1 61.0 11.0 6.09 1049.81

(3063 m) SubE_P2 44.0 10.0 5.30 644.17

Subalpine West SubW _P1 17.5 4.5 3.08 139.42

(3357 m) Subw_P2 250 6.0 3.94  260.47

SubW_P3 350 8.0 4.75 451.15

SubW P4* 245 4.0 450 282.60

SubW P5™ 19.0 35 225 118.34

Picea Subalpine East SubE_S1 26.0 9.0 3.89 270.24

engelmannii (3063 m) SubE_S2 61.0 12.0 7.57 1270.04

SubE_S3 63.0 14.0 7.86 1361.37

Subalpine West Subw_S1 54.0 12.0 6.70  995.10

(3357 m) Subw_S2°  41.0 12.0 3.80 443.87

# Two pairs of sap flow sensors were placed on the stem.
b Sap flow values were corrected (see Liu and Biondi, 2020).

Science of the Total Environment 892 (2023) 164351

semi-logarithm relationship between sap flux in the inner and outer
xylem based on a published radial profile of sap-flow velocity (Mark and
Crews, 1973; Table S2). For limber pine, we applied a generalized Gaussian
equation for gymnosperms (Pataki et al., 2011; Table S2). Whole-tree sap
flow density was finally obtained by summing sapwood-area weighted
sap flow density of all concentric rings. While radial distributions of sap
flow may vary during drought and non-drought periods (e.g., Ford et al.,
2004; Yi et al., 2017), we assumed a constant radial profile of sap flow
for each species during and across the growing seasons.

2.3. Field sampling and anatomical measurements

In the years 2013-2014, three to six trees per species per site (Table S3)
were selected for wood anatomical analysis. Sampled trees had been instru-
mented with sap flow sensors, with the only exception being limber pine at
the Subalpine West site, where four trees with sap flow sensors, and two
trees without, were sampled. Wood microcores (1-2 cm long and
ca.l mm in diameter) that covered up to 17 annual rings in sapwood
were extracted using a Trephor (Rossi et al., 2006) or a surgical bone-
marrow needle (Dufour and Morin, 2010), with the latter tool being pre-
ferred for trees equipped with sensors. After collecting microcores at breast
height, they were immersed in a 50 % ethanol solution and stored in ice to
prevent tissue deterioration during transport from the field to the labora-
tory.

For wood cell anatomical measurements, microcores were processed
following the procedure proposed by Lupi et al. (2014), which includes
(i) dehydrating with ethanol (Protocol SAFECLEAR II) and then embedding
them in paraffin blocks, (ii) cutting 8-10 pm thick transversal sections with
a rotary microtome (Leica, Buffalo Grove, Illinois, USA) and mounting
on microscope slides, (iii) removing paraffin from the slides with
SAFE-CLEAR II and pure ethanol, (iv) staining with safranin (0.50 % aque-
ous solution), and (v) digitalizing images at 100-200 X magnification with
a digital camera mounted on Nikon compound microscope. Cell anatomical
parameters were measured along three radial profiles within each annual
ring, and further averaged by year for each tree (Ziaco et al., 2014; Ziaco
and Biondi, 2016). Image analysis performed with WinCELL software
(Guay, 2013) generated measures of radial cell lumen diameter (LD, pm),
radial cell length (CL, pm), and cell wall thickness (CWT, pm) calculated
as the average of left and right radial wall thickness.

2.4. Whole-tree canopy stomatal conductance

Whole-tree sap flux density was aggregated to daytime averages
(06:00-20:00 local time) to minimize possible effects of stem water capac-
itance on the response of canopy conductance to soil moisture (Oren et al.,
1998). A unit conversion from [g em ™ Zagw s~ 1 to [kg m 2w s~ 1] was
made for daytime sap flux density before further data processing. As our
study sites are characterized by open stands with high wind speeds, we as-
sumed that the forest canopy was aerodynamically well coupled to the at-
mosphere (i.e., large boundary layer conductance). Whole-tree canopy
stomatal conductance per unit of sapwood area (G, mol m ™~ 2%, s~ 1) for
individual trees at each site was determined as (Flo et al., 2021):

(115.8 4 0.42367,,)F4 Ty

—0.00012h 1
VPD K T+ T,) )

G, =

X exp

where F; is sap flux density, VPD is daytime vapor pressure deficit (kPa),
T, is air temperature (°C), h is the site elevation (m), » and T, are
respectively the conversion factor and a physical constant equal to
44.6 mol m > and 273 K. This formula considered temperature effects
on the psychometric constant, air density, latent heat of water vaporiza-
tion and specific heat of air at constant pressure (Phillips and Oren,
1998). Canopy conductance was then transformed to traditional units
using water vapor density (as a function of T, in °C) and site-specific at-
mospheric pressure.
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2.5. Hydraulic traits

Hydraulic efficiency and safety traits per tree per year were derived
from wood anatomical parameters. Mean hydraulic diameter (Dy, pm)
was calculated based on all measured cells assuming circular tracheids
(Sperry et al., 1994):

()
Dh =5 (1) @

with LD; being the diameter of the ith tracheid, and n the number of tra-
cheids.

According to the Hagen-Poiseuilles law (Tyree and Ewers, 1991),
theoretical specific hydraulic conductivity (K;, kg m~* s~ * MPa™ ') of
each annual ring was computed as:

— e n 4
K= st (1)) )

with p and 7 being the density (998.2 kg m™>) and viscosity
(1.002 x 10~° MPa s) of water at 20 °C, and A the surface area of the ring.

We approximated hydraulic safety using cell wall reinforcement [(t/
b)?], a surrogate for xylem cavitation resistance within (Rosner et al.,
2016) and across species (Hacke et al., 2001; Mayr et al., 2006;
Cochard et al., 2008), in which t is the double cell wall thickness and b
is the conduit wall span (Hacke et al., 2001). For each annual ring, cell
wall reinforcement was determined by averaging individual values for
tracheids with diameter D;, (Cochard et al., 2008; Guérin et al., 2020).
To refine the estimate of hydraulic safety, Psq of each annual ring was
calculated from its (t/b)? according to the published equation for west-
ern USA conifers (Hacke et al., 2001).

2.6. Data analysis

To prevent a biased estimation of model parameters for the G.~SM rela-
tionship, we discarded canopy stomatal conductance values when daily
rainfall > 0 mm, daily mean VPD < 0.5 kPa, and daily total solar radiation
< 4.0 kW h m ™2 (Phillips and Oren, 1998; Peters et al., 2019; Liu and
Biondi, 2020, 2021; Flo et al., 2021). During each growing season (June—
September) in 2013-2017, mean and maximum canopy stomatal conduc-
tance (G¢mean and G¢max; both mol m 24 s~ 1) were calculated for
every instrumented trees. Canopy conductance was also averaged by spe-
cies and site to investigate its sensitivity to soil drought.

A simple linear regression was fitted to canopy conductance (G,.) versus
soil moisture (SM), both log;¢-transformed. We used the slope of the G~SM
relationship, Bsys, to define canopy stomatal sensitivity to soil drying, which
described site- and species-specific stomatal regulation traits (Liu and
Biondi, 2020, 2021; Flo et al., 2021). For each species, differences in sy,
amonyg sites were tested using analysis of covariance (ANCOVA), with G, as
dependent variable, soil moisture as a covariate, and site as a grouping vari-
able.

We obtained whole-tree hydraulic traits considering that sampled sap-
wood could account for the majority of xylem water transport and cavita-
tion resistance (Bouche et al., 2014). Because growing season (Jun-Sep)
sap flow data were used to derive stomatal traits of that year, to avoid a mis-
match between stomatal and xylem hydraulic traits at the whole-tree level,
the current-year hydraulic traits were calculated per tree as ring width-
weighted averages of all available (12-17) previous rings except the
current-year one, whose hydraulic functions are not fully developed.
Since ring width-weighted Dy, K; and (t/b)? (i.e., whole-tree hydraulic
traits) for limber pine and Engelmann spruce did not show significant dif-
ferences among years (i.e., 2008-2015; P > 0.95 for all; post-hoc analysis
with Tukey HSD test), in case of failed wood microcore sampling of 2-4
rings prior to the year of sap flow observation, we used the computed
ring width-weighted averages of the most adjacent year as a surrogate for
current-year whole-tree hydraulic traits.
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Repeated measures analysis of variance (ANOVA) was used to assess ef-
fects of site and year on intraspecific variations in sap flow, stomatal (G,
mean> Gemax and Bsyg) and hydraulic [Dy, K, (t/b)? and Ps,] traits along the
elevation gradient. Bivariate linear models were fitted for each species to
evaluate the intraspecific relationships between log; o-tranformed stomatal
and hydraulic traits. All statistical analyses were performed in SPSS (v.22;
SPSS Inc., USA).

3. Results
3.1. Environmental conditions and sap flow along the elevation gradient

Long-term PRISM data showed the expected topographic effect of in-
creasing air temperature and decreasing total precipitation with decreasing
elevation (Fig. 1b, c; Table S1). In general, environmental parameters re-
corded by NevCAN sensors mirrored the same topographic pattern along
the elevation gradient (Fig. S1). From 2013 to 2017, the growing-season
(June-September) air temperature/vapor pressure deficit were consistently
higher at the Montane West site (15.30 °C/1.28 kPa) than at the Subalpine
East (11.75 °C/0.87 kPa) and West (10.63 °C/0.83 kPa) sites, but differ-
ences were relatively small between the Subalpine East and West sites
(Fig. Sla-b). Growing-season precipitation increased with elevation be-
tween sites, and varied little between the two high-elevation sites
(Fig. S1c). Soil moisture underwent substantial seasonal variability across
sites and years (less so in year 2014), but it was usually higher at the
lower elevations (Fig. S1d), most likely because of different soil texture
(Johnson et al., 2014, 2016) or because of the interaction between vegeta-
tion, soil, and the wind- and insulation-driven snow pack accumulation and
melting patterns.

For the two conifer species, sap flow varied significantly among sites
and years (Table S4), with different topographic patterns (Fig. Sle-f).
Throughout the five-year study period, sap flow of limber pine consistently
displayed a decreasing trend towards lower elevations, with the highest
and lowest sap flow at the Subalpine West and Montane West sites, respec-
tively. By contrast, an inverse pattern of sap flow was found in Engelmann
spruce, whose sap flow was higher at the Subalpine East than at the Subal-
pine West site, which is higher in elevation but was characterized by lower
soil moisture.

3.2. Canopy stomatal conductance and its response to soil drought

Mean (G¢,mean) and maximum (G, max) canopy stomatal conductance of
both species were mainly different by site (Tables S5, S6), with opposite
species-specific differences (Fig. 2). At the Subalpine West site (3357 m),
limber pine had a significantly higher G; mean and G, max than at the
other two sites (P < 0.05), whereas Engelmann spruce showed significantly
lower G, mean and G, max (P < 0.05). Across species and sites, canopy stoma-
tal conductance relationship with declining soil moisture followed a power
relationship (Table S7), which could be best fitted using a logarithmic
transformation (Fig. 2; Table 2). Differences in stomatal sensitivity to soil
drying among sites were found to be statistically significant for limber
(P = 0.015) and marginally non-significant (P = 0.062) for spruce (Ta-
ble S8).

We observed a prevailing weakened stomatal control under warm-dry
climate in both species, as indicated by a lower slope of the G~SM relation-
ship at lower elevations (Fig. 2; Table 2), even though the G.—SM slope of
limber pine did not differ significantly between the two lower elevations
(F = 0.14, P = 0.71). These findings did not change when the analysis
was restricted to 2015-2017, i.e., when soil moisture was available at all
three sites (Fig. S2; Tables S7, S9).

3.3. Hydraulic and anatomical adjustments across elevations
Generally, the outermost tree rings did not show inter-annual variation

in anatomical (mean hydraulic diameter, Dy,) and hydraulic (theoretical
specific hydraulic conductivity, K;; cell wall reinforcement, (t/b)?) traits



X. Liu et al.

Science of the Total Environment 892 (2023) 164351

50 4 (@)

Sub West 3357m

Sub East 3063m

Mon West 2818m
®

Pinus flexilis

60 T
40
X

2818m 3063m 3357m

0

50 (P)

Log (Gc) (mOI m_zAsw 3-1)

i
<
<
5

%
S
3
V

2

60 &
.40
© °

20 %
0

0.5 .
3 6

3063m 3357m
T T T T

12 24

Log (SM) (%)

Fig. 2. Relationships between canopy stomatal conductance (G; log-scale) and soil moisture (SM; log-scale) for (a) Pinus flexilis and (b) Picea engelmannii at the study sites. For
each site and species, data were pooled across the study period (2013-2017). Darker colors indicate greater overlap of data points; regression statistics are shown in Table 2.
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across species and sites. We observed a slight, and non-significant, decline
in Dy and K; of limber pine at the Montane West site since 2012, as well
as an increase in (t/b)? of Engelmann spruce at the Subalpine West site
since 2007 (Fig. S3b—d, f-h). All anatomical and hydraulic traits varied sig-
nificantly among sites, and were barely influenced by years and their inter-
action with sites (Tables S10-S13). As a result, limber pine showed lower K;
and Dj, together with higher (t/b)* with decreasing elevation, leading to a
48.6 % and 17.8 % reduction in mean K; and Dy, and a 73.5 % increase in
mean (t/b)? at the Montane West site relative to the Subalpine West site

(Fig. 3a, c, e). Cell wall reinforcement was similar between the Montane
West and Subalpine East sites. These site differences were reversed in
Engelmann spruce, whose mean K; and Dy, increased by 91.4 % and
28.3 % from the Subalpine West (3357 m) to the Subalpine East
(3063 m) sites, while (t/b)? declined by 54.5 % (Fig. 3b, d, f). Site differ-
ences in Ps, followed those of (t/b)? for both species (insets, Fig. 3e, f).
The estimated Psq for Engelmann spruce (—2.15 to —3.67 MPa) was
close to the values obtained by direct measurements at a nearby site
(Clute et al., 2021).
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Table 2

Estimated parameters of the simple linear model [log (y) = flog (x) + a] relating
canopy stomatal conductance and soil moisture by species and sites (Fig. 2). Differ-
ences in canopy stomatal conductance sensitivity to soil drought (i.e., slopes; param-
eter §) among sites were tested using ANCOVA.

Species Sites Slope () Intercept (a) R? P

Pinus flexilis 2818 m 1.0597 —0.3871 0.36 <0.001
3063 m 1.0234 —0.2513 0.58 <0.001
3357 m 1.4080 0.0131 0.62 <0.001
F-test 14.024
P-value <0.001

Picea engelmannii 3063 m 0.9467 0.2245 0.54 <0.001
3357 m 1.3114 —0.4093 0.64 <0.001
F-test 26.555
P-value < 0.001

3.4. Coordination between stomatal and hydraulic traits

At the intraspecific level, there were positive correlations between Dy,
(Ky) and G; mean (Gemay) (all 7> 0.87, P < 0.01; Figs. 4a, ¢, S4), suggesting
coordination between whole-tree hydraulic efficiency-related traits and
stomatal conductance for both species. However, coordination between hy-
draulic safety and stomatal regulation (i.e., stomatal sensitivity to soil
drought) differed between species (Fig. 4b, d). Stem xylem cell wall rein-
forcement was negatively correlated with stomatal sensitivity to soil
drought in limber pine (r = —0.81, P < 0.01; Fig. 4b), suggesting that lim-
ber pines from relatively colder and wetter habitats, with more vulnerable
xylem, were characterized by greater stomatal regulation than pines from
relatively warmer and drier habitats. Hydraulic safety and stomatal regula-
tion of Engelmann spruce, on the other hand, seemed unable to adjust in a
coordinated manner (r = 0.81, P < 0.01; Fig. 4d), as shown by vulnerability
of xylem embolism and loose stomatal regulation in spruces from the rela-
tively lower elevation site, which however had higher soil moisture.

4. Discussion
4.1. Acclimation of stomatal sensitivity in response to drought stress

A plant's persistence and survival when exposed to increased drought
severities in its current habitat largely depends upon its adaptive capacity
to optimize water use while maximizing photosynthesis through active ad-
justment in stomatal behavior (Lin et al., 2015; Lu et al., 2020). While sto-
matal sensitivity to atmospheric and soil drought is highly variable across
species (Oren et al., 1999; Grossiord et al., 2020; Flo et al., 2021), we inves-
tigated how individuals of the same species adjusted stomatal behavior in
response to soil moisture. When comparing sites, in every year we observed
reduced stomatal sensitivity to soil drying at lower elevations for both spe-
cies (Fig. 2; Tables 2, S8). Although soil moisture varied from year to year
(Fig. S1d), stomatal sensitivity to soil drying at a certain elevation did not
differ significantly among years for both species (Table S8), suggesting
that pine and spruce stomatal acclimation to local conditions was unrelated
to site differences in soil moisture. The higher sap flow of Engelmann
spruce at lower elevation was related to its higher hydraulic efficiency (K
in Fig. 3d) and maximum stomatal conductance (Fig. 2b; Table S6). The
greater soil moisture at lower elevation can induce a higher sap flow sensi-
tivity to vapor pressure deficit (Liu and Biondi, 2020), thus leading to a
higher transpiration rate of Engelmann spruce despite a small difference
in vapor pressure deficit between the two high-elevation sites (Fig. S1b).

Limber pine did not show higher sap flow at lower elevations with
higher soil moisture (Fig. S1), which can be explained by its lower Kj
(Fig. 3c) and maximum stomatal conductance (Fig. 2a; Table S6). In addi-
tion, the higher stomatal conductance sensitivity of low-elevation limber
pine to soil drought compared to co-occurring Engelmann spruce
(1.02-1.06 vs. 0.95; Table 2, Fig. 2) can induce a rapid downregulation of
transpiration rates, thereby outpacing the positive influence of high soil
moisture on sap flow sensitivity to vapor pressure deficit. Partial stomatal
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closure due to high vapor pressure deficit, especially at the driest site,
might occur, and also contribute to the low transpiration rates of limber
pine at lower elevations. The tight coordination between hydraulic effi-
ciency traits and stomatal conductance (Fig. 4a, c) thus allows for trees to
approach their potential maximum transpiration rates (Manzoni et al.,
2013). Our findings are consistent with plasticity in stomatal sensitivity
to vapor pressure deficit under experimental warming and drought
(Grossiord et al., 2017), suggesting an active within-species acclimation
in stomatal regulation that could switch from isohydric behaviors at colder
and wetter habitats to relatively anisohydric behaviors at warmer and drier
habitats. These findings also corroborate the spatial and temporal plasticity
in stomatal regulation along a spectrum of plant species spanning isohydry
to anisohydry that is strongly influenced by varying environmental condi-
tions (Ogle et al., 2012; Feng et al., 2019; Guo et al., 2020).

Reduced stomatal sensitivity, as shown by lower sap flow decline, can
lead to a more negative leaf turgor loss point and delayed stomatal closure
(Maréchaux et al., 2018), thus enabling trees to sustain relatively high car-
bon acquisition rates (Will et al., 2013; Grossiord et al., 2017). A relatively
anisohydric stomatal behavior in lower-elevation habitats also likely con-
ferred trees the ability to recover faster from episodes of water stress
(Nolan et al., 2017; Liu and Biondi, 2021). Keeping stomata open is a
vital mechanism for preventing needles from overheating via evaporative
cooling (Drake et al., 2018; Blasini et al., 2022). Adaptive plasticity in sto-
matal regulation is presumably related to osmotic adjustments (Bartlett
etal., 2012), foliar abscisic acid content (Nolan et al., 2017), and/or stoma-
tal density and diameter (Guérin et al., 2018), but parallel reinforcements
in anatomical and hydraulic properties to avoid the induction of xylem em-
bolism were also present in limber pine (Figs. 3, 4). This suggests physiolog-
ical and structural integration between exposure to drought (determined by
stomatal control and other functional traits) and capacity to cope with
drought (i.e., embolism resistance; Sanchez-Martinez et al., 2020).
Engelmann spruce, on the other hand, appeared to prioritize carbon gain
over hydraulic safety.

4.2. Species-specific hydraulic adjustment

Contrary to our initial hypothesis, increasing drought stress had various
effects on xylem hydraulic adjustments depending on the species (Fig. 3).
Although limber pine was characterized by an increase in xylem embolism
resistance (but also a decrease in xylem conductivity) at the lower eleva-
tions, the ability to adjust hydraulic properties was site-specific, partially
supporting results obtained for other pine species (Maherali and DeLucia,
2000; Martinez-Vilalta et al., 2009; Corcuera et al., 2011; Lamy et al.,
2014; Lépez et al., 2016; Rosas et al., 2019). Moreover, our data revealed
an opposite hydraulic adjustment in Engelmann spruce, since spruces at
the lower elevation developed wide conduits with vulnerable xylem.

At high elevations, although stomata closure may be normally present
during winter due to frozen soil and repeated freeze-thaw events, low
rates of cuticular water loss may lead to winter desiccation (Korner, 2003;
Wieser and Tausz, 2007) and greater xylem embolism than during growing
season drought (Sperry et al., 1994; Mayr et al., 2006). A three-fold lower
cuticular conductance in pine (Pinus cembra) than in coexisting spruce
(Picea abies) at alpine treelines was considered responsible for freezing-
induced embolism in spruce compared to pine (Anfodillo et al., 2002;
Mayr et al., 2003, 2006). A similar species difference in cuticular conduc-
tance has been found in high-elevation limber pine and Engelmann spruce
(Hadley and Smith, 1990). Spruce is more capable than pine of restoring
xylem conductivity (i.e., embolism refilling) before the onset of the growing
season by either foliar and/or branch water uptake from melting snow or
through aquaporin activity (Mayr et al., 2014, 2020 and references
therein). Because adjustments in xylem structure act as a prerequisite mech-
anism to avoid freezing-induced embolism (Hacke and Sperry, 2001), coni-
fers develop narrow-diameter (<30 pm) tracheids in cold subalpine
habitats to enhance cell mechanical resistance against frost drought and
freeze-thaw cycles (Pittermann and Sperry, 2003, 2006). Lower minimum
air temperatures at the higher elevation most likely influenced wood
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anatomy and hydraulics of Engelmann spruce more than those of limber
pine. As plant survival capacity depends on cuticular conductance beyond
stomatal closure (Blackman et al., 2016), future research should explore
its plasticity and interaction with stomatal and hydraulic traits.

When freezing is rare or absent, natural selection tends to produce
larger vascular conduits to enhance xylem conductivity rather than safety
in conifers (Cocozza et al., 2016; Wang et al., 2018). The hydraulic adjust-
ment observed in lower elevation Engelmann spruces agrees well with the
hypothesis that the initial exposure to frost would affect the vulnerability to
drought (Charrier et al., 2021). Drought and associated low turgor pressure
negatively affect cell enlargement, producing tracheids with narrow lu-
mens and thick cell walls (Ziaco and Biondi, 2016). Such anatomical adjust-
ments in response to increasing water stress can facilitate xylem hydraulic
safety against drought-induced embolism (Puchi et al., 2020), thereby
allowing trees to maintain high stomatal openness (i.e., being relatively
anisohydric). However, we cannot always expect this positive feedback to
be the case (Grossiord et al., 2017; Hudson et al., 2018; Petit et al.,
2022), especially when trees are exposed to amplified drought conditions.
Constructing a more drought-resistant xylem comes at the expense of
increased carbon investment in xylem (greater wood density), lower stem
efficiency and capacitance (Fu et al., 2019), and high variability in non-
structural carbohydrate storage (Jiang et al., 2021), some of which will
challenge the ability to recover from hydraulic impairment via embolism
reversal (Sala et al., 2012; Meinzer and McCulloh, 2013; Klein et al.,

2018). These evolutionary and physiological tradeoffs naturally lead to
the notion that high hydraulic safety is not necessarily required when grow-
ing in xeric environments (Gleason et al., 2016), possibly explaining the
substantial but similar degree of adjustment of hydraulic traits in limber
pine regardless of site-specific conditions.

4.3. Stomatal-hydraulic coordination occurred in limber pine but not in
Engelmann spruce

Coordinated intraspecific trait variations in xylem hydraulic safety and
stomatal sensitivity to drought occurred in limber pine but not in
Engelmann spruce (Figs. 4b, d, 5). Acclimation to reduced water availabil-
ity through coordinated adjustments in osmotic potential and xylem vulner-
ability has been already reported for grapevines (Sorek et al., 2021).
Coordinated shifts in stomatal behavior and xylem hydraulics can
guarantee the maintenance of an invariant hydraulic safety margin be-
tween stomatal closure and embolism formation (cf. Choat et al., 2012;
Martin-StPaul et al., 2017), so that limber pine can respond to water stress
by maximizing carbon gain while preventing xylem cavitation despite an
increase in tree water deficit (Ziaco and Biondi, 2016). Engelmann spruce
seems to maximize gas exchange at the risk of operating with low hydraulic
safety, so that its hydraulic safety margin may approach zero and thus will
be vulnerable to increasing drought severities. Such divergent drought re-
sistance and vulnerability between sky-island coniferous species (Fig. 5)
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pinpoint a physiological basis for understanding the higher mortality rate
for Engelmann spruce than for limber pine in western US subalpine forests
(Andrus et al., 2021).

Examining trait coordination across the whole plant improves our abil-
ity to understand drought survival strategies and predict plant functioning
under changing environmental conditions (Fu et al., 2019; McCulloh
et al., 2019). While previous studies found that stomatal behavior and
xylem hydraulic traits were coordinated at the interspecific level
(Pivovaroff et al., 2018; Flo et al., 2021), our findings suggest that intraspe-
cific differences in acclimation could obscure broad-scale parallel coevolu-
tion between key plant traits (Anderegg et al., 2018). Our results
underscore the importance of deciphering plastic adjustments in stomatal
and hydraulic traits using in situ data. Understanding trait coordination
helps with determining plant drought tolerance and vulnerability under fu-
ture climates, particularly for mature tree species that inhabit a wide range
of landscapes (Charrier et al., 2021; McCulloh et al., 2022).

Natural ecosystems are complex, and interactions with a number of fac-
tors, both biotic and abiotic, can have an impact on tree physiology
(e.g., McCulloh et al., 2022). In addition, field observations, even when
conducted with exceptional duration at sub-hourly resolution as was done
in our study, cannot prove causal relationships (Biondi, 2014). As an exam-
ple, we cannot exclude the possibility that stomatal sensitivity depends
more on vapor pressure deficit, as Grossiord et al. (2017) reported, because
the method we used for calculating whole-tree canopy stomatal conduc-
tance (G,) from sap flow measurements does not allow examining its sensi-
tivity to vapor pressure deficit. It should also be noted that we focused on
the environmental factors that have been found to be most relevant in the
ecosystems and for the species under consideration, but other species
and/or ecosystems may present different responses. Overall, further re-
search is needed to clarify the mechanistic pathways that underlie the ob-
served within-species patterns of stomatal-hydraulic coordination.

5. Conclusion

Intraspecific covariation between stomatal regulation and xylem hy-
draulics is central to understanding the ability of a species to withstand in-
creasing drought severities. Our combined analysis of sap flow
measurements and wood anatomy revealed that Pinus flexilis and Picea
engelmannii exhibit a consistent acclimation of reduced stomatal sensitivity
to soil drought but species-specific adjustments in xylem hydraulics. As a re-
sult of distinct within-species trait coordination, Pinus flexilis is capable of
surviving in relatively drier conditions, whereas Picea engelmannii is
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potentially vulnerable to increasing water stress because it maximizes gas
exchange at the cost of hydraulic damage. The stomatal-hydraulic
coordination we uncovered complements current tree ecophysiological
frameworks, and advances our understanding of conifers' adaptive capacity
to survive under changing environmental conditions.
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