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1 | INTRODUCTION

Rising land surface temperature is facilitating global increases in
atmospheric vapour pressure deficit (D), particularly in arid regions
such as sub-Saharan Africa and the southwestern United States and
northern Mexico (Grossiord et al., 2020; Hatfield & Prueger, 2015).
Consequently, quantifying how changes in D impact photosynthetic
gas exchange and subsequent carbon and water cycles at local to
global scales is a priority among scientists across many disciplines
(Novick et al., 2016). Rising vapour pressure deficit, and more spe-
cifically, rising leaf-to-air vapour pressure deficit, causes vascular
plants to close their stomata (Brodribb & McAdam, 2011), resulting
in reduced stomatal conductance (GS). Reductions in G, could pre-
vent critical water potentials that would otherwise induce hydraulic
failure, cease delivery of xylem water to the canopy and thereby re-
duce carbon assimilation (Sperry et al., 2002). However, an inevita-
ble trade-off with stomatal closure is the reduction in carbon uptake
that would otherwise support productivity, reproduction, mainte-
nance respiration and the synthesis of secondary metabolites for
defence. Thus, rising D could have profound impacts on vegetation
cover, net primary productivity and ecosystem carbon sequestration
in the coming decades (Novick et al., 2016; Yuan et al., 2019).
Stomatal sensitivity to D is highly variable among terrestrial
plants, and consequently, rising D should have wide-ranging impacts
across plant taxa (McNaughton & Jarvis, 1991; Ogle et al., 2012;
Oren, Sperry, et al.,, 1999; Whitehead & Jarvis, 1981). One well-
accepted empirical model utilizes the linear relationship between G,
and log(D) (Oren, Sperry, et al., 1999), such that the magnitude of the
slope (m) represents stomatal sensitivity to D and the intercept pa-
rameter G, indicates the reference conductance when D = 1 kPa.
Stem sap flux measurements of over 30 species showed a consistent

relationship between G, at low D (i.e. G,) and sensitivity to D (i.e.

ref
m) such that plant taxa with a high G, are generally more sensitive
to increasing D (Oren, Sperry, et al., 1999). Furthermore, the index
of standardized stomatal sensitivity (S: - m/G,) tends to converge
at 0.6 in a wide range of mesic species, though S is often consider-
ably lower for arid-adapted species (Oren, Sperry, et al., 1999). The
consistently higher value of S among mesic species suggests greater
stomatal sensitivity to D, whereby leaf water potential (¥, is reg-
ulated above a threshold and consistent with an isohydric hydraulic
strategy. Conversely, lower values of Sin arid-adapted plants indicate
lower stomatal sensitivity that permits declines in ¥, reflecting a
more anisohydric hydraulic strategy (Ogle et al., 2012). Given con-
trasts in stomatal sensitivity to D among functional groups, patterns
of S should also reflect contrasts in plant hydraulic function [e.g.

maximum xylem hydraulic conductivity (k and drought-induced

max)
xylem cavitation vulnerability], leaf and wood economic traits [e.g.
leaf longevity (Mediavilla & Escudero, 2003) and wood density (Fu &
Meinzer, 2018)] and wood anatomy (Klein, 2014).

One potential pitfall for classifying plant taxa into discrete hy-
draulic categories is that stomatal regulation may vary seasonally
in response to changes in soil moisture, D or other environmental

conditions that impact plant growth and allometry (Guo et al., 2020).

In most temperate regions, the growing season is often punctuated
by periods of high aridity and subsequently high D that can lead to
reductions in whole-plant conductivity (Domec et al., 2009), even

in species that tightly regulate ¥, Likewise, some angiosperms

leaf*
experience a progressive weakening of xylem pit-pore membranes
that increase vulnerability to xylem cavitation over the growing sea-
son (Hacke et al., 2001). Finally, the timing and sensitivity of root
growth, xylem growth and canopy expansion can alter the balance
of water supply and demand (Doughty & Goulden, 2008). However,
the extent to which changes in plant hydraulic function and allome-
try over the growing season impacts stomatal sensitivity is an open
question. On one hand, seasonal reductions in k. or changes in
whole-plant allometry should correspond with changes in maximum
G, (e.g. G,), in which case m could also vary (Aspinwall et al., 2011;
Domec et al., 2009). Alternatively, xylem cavitation fatigue spurred
by weakening pit-pore membranes (Hacke et al., 2001) could sub-
stantially increase sensitivity of G, to D independent of impacts

on G,_.. Changes in stomatal sensitivity could also be triggered by

ref
changes in leaf hormone concentrations, particularly abscisic acid
(McAdam et al., 2016; Pantin et al., 2013), source-sink relationships
related to growth and reproduction (Hultine et al., 2013), photosyn-
thetic capacity (Katul et al., 2003; Sperry et al., 2017) and foliage loss
caused by episodic disturbance (Ewers et al., 2007; Oren, Phillips,
et al., 1999; Schéfer, 2011).

Riparian ecosystems in the arid western United States are in
many ways ideal for evaluating stomatal sensitivity to D across a
diverse group of tree taxa. First, western riparian trees are gener-
ally not subject to soil water deficits due to the presence of shallow
groundwater tables. Therefore, stomatal conductance is generally
not constrained by limited soil moisture. Second, arid regions of the
west are characterized by periods of low humidity and high solar ir-
radiance, such that D reaches levels that constrain G, but photosyn-
thetically active radiation does not. Third, global circulation models
indicate that the arid west will experience some of the most pro-
found increases in aridity in the coming decades, resulting in more
frequent and intense heat waves that will spur episodic spikes in D
(Grossiord et al., 2020). Finally, riparian tree taxa are recognized as
foundation species that provide critical habitat for numerous threat-
ened and endangered plant and animal species in a region where
habitat suitability is limited by aridity (Hultine et al., 2020; Whitham
et al., 2006). Therefore, riparian trees can serve as model taxa to
evaluate stomatal sensitivity to D.

In this paper, we synthesized sap flux-scaled stomatal conduc-
tance and leaf water potential, collected from nine dominant ripar-
ian tree species in the Great Basin in northern Utah, USA, occurring
across broad gradients in elevation and growing season D. We asked
two related questions. First, to what extent does standardized sen-
sitivity to D (S) change over the course of the growing season. And
second, are growing season patterns of S consistent across taxa, or
do they correspond to differences in exposure to cumulative D over
the growing season? The following two alternative hypotheses were
tested: 1. Standardized stomatal sensitivity (S) to D increases simi-
larly in all species, reflecting a progressive decrease in G, relative to
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m. 2. Growing season changes in S instead vary among species, with
species exposed to greater cumulative D experiencing increased sto-
matal sensitivity.

Despite recently published global syntheses on sap flux-scaled
stomatal conductance (Flo et al., 2021; Poyatos et al., 2021), to our
knowledge, this study is among the first to exclusively investigate
how stomatal sensitivity to D changes over the growing season
across a broad range of taxa where other limiting factors such as
soil moisture deficits and sunlight are largely absent. Additionally,
this study advances our understanding of how ecologically import-
ant riparian tree species respond to seasonal changes in atmospheric
aridity in a region where increases in aridity are expected over the

next several decades.

2 | MATERIALS AND METHODS

2.1 | Study sites and tree species

Four riparian forest sites were selected for tree sap flux stud-
ies within the Great Salt Lake drainage basin of northern Utah,
USA, spanning an elevational gradient of 1,314-1,900m (Figure 1,
Table 1). A total of nine tree species (Table 1) were instrumented
to record sap flow dynamics and site-level environmental variables
from June to September 2004. Predawn and midday water potential

data were also collected monthly.

The lowest elevation site (labelled Jordan) was located in a ri-
parian area along the Jordan River in Salt Lake Valley, Utah, USA
(40°34'30"”N; 111°55'03"W; 1,314 m elevation). The study site was
in an unmanaged area located directly adjacent to the Jordan River,
with a tree canopy largely comprised of mature non-native Elaeagnus
angustifolia L. (n = 10), native Populus fremontii Watts. (n = 9) and
non-native Tamarix (n = 9), a hybrid mixture between T. ramosissima
and T. chinensis (Gaskin & Kazmer, 2009), but hereafter referred
to as T. ramosissima. An on-site piezometer never recorded depth
to groundwater exceeding 1 m. Sap flux data for P. fremontii and
E. angustifolia at this site were originally published by Hultine and
Bush (2011), while data for co-occurring T. ramosissima are unpub-
lished. All of the selected trees occurred within the lowest terrace
of the riparian area.

The remaining three sap flux installation sites were located
within the Red Butte Canyon Research Natural Area (RBC) east of
Salt Lake City, Utah, USA. The lowest site in RBC (labelled Reservoir)
was located near the inlet of an artificial reservoir constructed near
the mouth of the canyon (40°46'45.01"N, 111°48'29.73"W, 1,640m
elevation) with a riparian tree canopy that comprised of mature
Populus hybrids (n = 7), a mixture between native P. angustifolia and
P. fremontii and mature Salix hybrids (n = 9), likely comprising multi-
ple Salix spp. Sap flux data for Populus and Salix hybrids at this site
were originally published by Hultine, Bush, and Ehleringer (2010). All
of the selected trees occurred along the bank of the reservoir that

was actively managed to minimize fluctuations in stage height.

FIGURE 1 Map showing four study
sites of (a) Jordan (1,314 m), (b) Reservoir
(1,640m), (c) Parley's (1,820m) and (d)
Upper (1,900 m) across an elevation
gradient in northern Utah, USA
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TABLE 1 Site and species description. N, , denotes the sample size of individual trees instrumented with sap flow sensors, N, - denotes
the sample size of daily observations measured for each species and DBH indicates the range in DBH across individuals

Elevation

Site name  (m) Lat Lon Species Ning Nops DBH (cm) Wood anatomy  Status

Jordan 1,314 40°34'30"N  111°55’'03"W  2Populus fremontii 9 303 (13.7,57.6) Diffuse-porous Native
4Tamarix ramosissima 9 307 (6.7,11.1) Ring-porous Invasive
Elaeagnus angustifolia 10 401 (10.8, 22.6) Ring-porous Invasive

Reservoir 1,640 40°460'45"N  110°48'30"W  °Populus hybrid 7 185 (16.25, 33.5) Diffuse-porous Native
bSalix hybrid 9 318 (10, 21.75) Diffuse-porous Native

Parley's 1,820 40°790'N 111°79'W “Acer negundo 16 470 (5.5,46.9) Diffuse-porous Native

Upper 1,900 40°800'N 111°77'W Acer grandidentatum 9 259 (6.9,26.7) Diffuse-porous Native
Betula occidentalis 7 182 (7.7,14.2) Diffuse-porous Native
“Populus angustifolia 6 176 (10.5, 23.5) Diffuse-porous Native

@Hultine and Bush (2011).

PHultine, Bush, and Ehleringer (2010).
“Hultine et al. (2007).

dpreviously unpublished.

The mid-elevation site (labelled Parley's) in RBC was located in a
4.3 ha meadow in Parley's Fork approximately 200 m above the con-
fluence with the main channel (40°47'20.84"N, 111°47'46.84"W,
1,820 m elevation). The overstorey at this site was comprised almost
exclusively of mature Acer negundo Sarg. (n = 16), which lined a small
perennial creek that flowed through the meadow. Sap flux data for A.
negundo at this site were originally published by Hultine et al. (2007).

The upper elevation site (labelled Upper) was located along the
main channel of RBC (40°48'04.27"N, 111°46'09.31"W, 1,900 m el-
evation) with a riparian overstorey dominated by mixed age stands
of A. negundo, Acer grandidentatum Nutt., Betula occidentalis Hook.
and Populus angustifolia James. Sap flux data for A. grandidentatum
(n = 9), B. occidentalis (n = 7) and P. angustifolia (n = é) at this site
were originally published by Hultine et al. (2007). All trees measured
for sap flux occurred within the lowest terrace of the riparian area.

2.2 | Sap flow measurements

During the 2004 growing season, measurements of stem sap
flow were made using Granier-type thermal dissipation probes
(Granier, 1987), where the temperature difference between a heated
and reference sensor pair is empirically related to sap flux density (J,,

gm? s %) according to the following:

J, = a(AT,,/AT-1)", (1)

where AT is the temperature difference between the heated and
reference sensors, AT is the temperature difference between the
heated and reference sensors measured under zero-flow condi-
tions (Granier, 1987), and a and b are empirical coefficients. For the
diffuse-porous species, a and b were 119 and 1.231, respectively, as
originally reported by Granier (1987). Species-specific independent
calibration determined from controlled experiments were applied to

the ring-porous T. ramosissima (Hultine, Nagler, et al., 2010) and E. an-
gustifolia, (Bush et al., 2010). For AT, we assumed zero-flow conditions
only during night-time hours when vapour pressure deficit was at or
near zero.

Each tree was instrumented with two 20-mm length, stainless
steel probes, separated vertically by ~15 cm. The azimuth direction of
sensor-pair placement around the bole of the trees was randomized.
From measurements made every 30s, 30-min means were logged at
the Jordan site (CR23X; Campbell Scientific) and 15-min means were
logged at the remaining sites (CR10X; Campbell Scientific).

2.3 | Meteorological variables and calculations
Air temperature (T, °C) and relative humidity (RH, %) were measured
at each study site using temperature and relative humidity probes in
combination with an aspirated radiation shield (HMP45C; Vaisala).
Micrometeorological stations were co-located with study trees and
measurements were stored at 15- or 30-min intervals and combined
to calculate vapour pressure deficit (D, kPa).

We developed a metric of cumulative exposure to daily maxi-
mum D, akin to growing degree days (McMaster & Wilhelm, 1997):

i Dpax —D,
CDE,= Y3 ™ ,
1 O’ D < Dref

max, =

» Diax >D
ref max, ref (2)

where D is the daily maximum D, D is the reference value of
1 kPa and n represents the day of year. Calculation of cumulative
D exposure (CDE, kPa - days) required continuous daily records of
D, which were not available at each site due to occasional power
failure. Therefore, D, at the four sites were gap-filled from the
nearby (<14.5 km) Olympus Hills weather station (1,512m eleva-
tion) in the MesoWest network (Horel et al., 2002); daily maximum



GUO ET AL.

Functional Ecology 5

D at Olympus Hills was calculated from 15-min records of T and
RH. R? between D,.x from each site and D . at Olympus Hills
ranged from 0.82 to 0.95. CDE was calculated as the cumulative
sum of gap-filled D, exceeding 1 kPa beginning with 1 January
2004, thereby accounting for both D extremes and the extent of
time.

2.4 | Conductance calculations

Daily canopy conductance (G ) was calculated from mean daytime
sap flux (J,, from 07:00 to 20:00) by a simplified form of the Penman-
Monteith equation (Monteith & Unsworth, 1990):

_ 1A,
G = 2D Jg, (3)

where y is the psychrometric constant (kPa/K), 4 is latent heat of vapor-
ization (J/kg), p is density of moist air (kg/m %) and ¢, is the specific heat
of air at constant pressure (Jkg™* K™%).

While Equation 3 typically includes the leaf area to sapwood
area ratio, leaf area was not available for all species. Thus, G_ was
reported on sapwood area basis, rather than a leaf area basis.
Likewise, because measurements of leaf area and leaf area index
were unavailable for most species, G_ was assumed to approximate
G,. Although canopies of broadleaved trees can decouple from
the atmosphere and result in underestimates of sap flux-scaled
G,, canopy decoupling coefficients collected for A. negundo at the
Parley's site were generally quite low, ranging from 0.09 to 0.25
(Hultine et al., 2008). A more recent study conducted on P. fremon-
tii trees in Arizona reported decoupling coefficients that ranged
from 0.03 to 0.05 over the growing season (Blasini et al., 2022).
As a consequence, G_ of A. negundo and P. fremontii closely ap-
proximated G,. Likewise, canopy decoupling in trees with narrow
scale-like leaves such as T. ramosissima is generally insignificant.
We are therefore confident that sap flux-scaled G_reasonably ap-

proximated G at all field locations.

2.5 | Water potential

Water potential data were obtained monthly (see Figure S1
for dates) during the sap flux instrumentation period using a
Scholander-type pressure chamber (PMS Instruments). Except for
A. negundo (nh = 23), five individuals of each species were sampled
at each site. Predawn measurements (‘de) were made between
02:00 and 05:00; midday measurements (¥ _,) were made be-
tween 11:00 and 14:00 on leaves obtained from sunlit portions of
the tree canopy. Height of sample collection varied depending on
species architecture but was consistent within species and across
sampling dates. For each measurement, a small branch segment
was collected using a pole pruner and immediately placed in a bag
containing a wet paper towel. The sample was transported to the

pressure chamber within 5min, where a razor blade was used to

excise one leaf for measurement.

2.6 | Model description

Preliminary data exploration indicated that G, (intercept) values
change across the growing season for multiple species (Figure S2).
Therefore, we specified a hierarchical Bayesian model to relate can-
CDE), which allowed
for time-varying estimates of G, and stomatal sensitivity. The data

opy conductance (G,) to two covariates (D,
model describes the likelihood of the observed G, which was nor-
mally distributed for each observationi(i=1, 2, ... 2,579):

G.~ Normal(g;,6?) (4)

where g; is the predicted or mean conductance and the variance o2
represents the uncertainty in observed G_. The mean conductance
was modelled:

§i = Gref, - My * |0g<DmaXi)’ )

where G, is the reference conductance when D is 1 kPa, m is the

sensitivity of conductance to log(D and t(i) indicates tree t associ-

)
max
ated with observation i. To allow for time-varying estimates of the in-

tercept, G__. was indexed by i and modelled as a linear function of CDE:

ref

Grer, = @y + Py » CDE;, (6)

such that a represents G, at the initiation of CDE accumulation and g
represents the effect of CDEon G,

We specified a hierarchical model for individual tree-level parameters
in Equations 5 and 6 such that they vary around the associated species-

level parameters, which accounts for individuals as random effects:

- 2
my;,~ Normal (”msm ,am>,
~ 2
ayj,~ Normal (”asm ,o‘u>, (7)

~ 2
Bra) Normal(yﬁsm,aﬁ),

where s(t) indicates species s associated with tree t, and y,,, u, and Hy
denote the species-level parameters. All remaining parameters were
assigned relatively non-informative, standard priors (see Methods S1).

2.7 | Model implementation and interpretation

The above model (Equations 4-7) was implemented in JAGS 4.3.0
(Plummer, 2003) via the package ‘riacs’ (Plummer, 2013) in r 4.0.2 (R
Core Team, 2020). Three parallel Markov chain Monte Carlo (MCMC)
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chains were assigned dispersed initial values, run for 100,000 iterations
and thinned by 100 for a total of 3,000 posterior samples. Convergence
was verified with visual inspection and Gelman and Rubin's diagnostic
(Gelman & Rubin, 1992). MCMC samples were summarized as a posterior
mean and central 95% credible interval (Cl). Parameters are significantly
different from zero if the 95% CI did not contain zero. All data and code
are hosted on GitHub (repository published upon accepted manuscript).
To evaluate sensitivity to D on the same scale across species, we
calculated standardized stomatal sensitivity (S) as the ratio of m to
Gres
as a time-varying parameter related to CDE, S was calculated for

following Oren, Sperry, et al. (1999). Because G__. was modelled

ref

each day n and species s:

Spp= ———
= (o5 < COEL) (8)

wherein y,, 4, and My were obtained from the posterior MCMC sam-
ples. The resulting 3,000 samples of Sen for each species and day were
summarized as a posterior mean and central 95% Cl, which allowed
us to examine how species-level hydraulic regulation varied over time.

Plant hydraulic regulation exists along a continuum of iso/aniso-
hydry (Klein, 2014; Martinez-Vilalta et al., 2014). Similarly, we use S
as a continuous index of hydraulic regulation and consider $20.6 to
be similar to mesic species (Oren, Sperry, et al., 1999) and represen-
tative of isohydric behaviour (Ogle et al., 2012), whereas $<0.6 was

considered relatively anisohydric.

3 | RESULTS

3.1 | Trendsin D, water potential and sap flow

Across the elevation gradient, maximum daily D (D, ) and cumu-

lative D exposure (CDE) were highest at the lowest elevation site,
Jordan (Figure 2). Seasonal trends in CDE reveal that during June and

July, CDE accumulated faster than later in the season, when D no
longer consistently exceeded 1 kPa. Predawn water potentials (¥pp)
remained at or above -0.77 MPa for all species during the period of
sap flux measurements (Figure S1). Midday water potentials (¥),p)
ranged from -1.27 MPa in the Salix hybrid to -2.50 MPa in T. ramosis-
sima (Figure S1).

Except for E. angustifolia, sap flux density (J ) varied between 20
and 50gm™2 s, with the highest elevation site having lower sap flux
density (Figure 3). E. angustifolia had J, values that were roughly one
order of magnitude higher than the other species, including the ring-
porous T. ramosissima. Species-specific coefficients were applied for
both ring-porous species, which had smaller active sapwood depth
relative to the total sensor length (Bush et al., 2010; Hultine, Nagler,

et al,, 2010).

3.2 | Modelfit

The hierarchical model fit the observed canopy conductance (G) ex-
tremely well (Figure S3, observed vs. predicted G_: R? = 0.955), with
low bias (slope of observed vs. predicted = 0.953). When considered
on a species-specific basis, R? of the model fit ranged from 0.589 (P.
fremontii) to 0.900 (Salix hybrid, Figure S4), which supports our as-
sumption that G_ approximates G..

3.3 | Covariate effects

Exploratory data analysis revealed that the G_ vs. log(D, ) re-
lationship did not remain constant over the growing season. For
multiple species, the intercept appeared to vary with day of year
(Figure 4) and particularly with CDE (Figure S2). Therefore, rather
than fitting a single linear relationship through all points, we hi-

erarchically modelled reference conductance (G, intercept of

ref?
Oren model) as a linear function of CDE. We found that variation

Jordan Reservoir
500 .
400 Lot n Lo
300+ LN s .
200 1 . e
. 1001 ..
35 :
" - . W)
o 0A 3
o £
X Parley's Upper .
w 500 3
a )
O 400+ L g
FIGURE 2 Seasonal trendsin
cumulative vapour pressure deficit
exposure (CDE, left axis, lines) and daily
maximum vapour pressure deficit (D .,
right axis, points) at four study sites along
. an elevation gradient. Grey boxes indicate

Jun Jul Aug Sep Oct Jun Jul

the sampling period at each site
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FIGURE 3 Seasonal trends in mean daytime sap flux density (J ) for nine study species (M+1 SD, see Table 1 for sample sizes). Only
points for which there were at least three individual observations are shown. Triangles denote diffuse-porous, native species; circles denote
ring-porous, non-native species; and asterisks denote dates when leaf water potentials were collected
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FIGURE 4 The relationship between mean daytime canopy conductance (G ) and the natural log of D, for nine study species. The
colour axis represents the day of year. Triangles denote diffuse-porous, native species, and circles denote ring-porous, non-native species
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inG

cies (Figure 5). For two ring-porous species at the low-elevation

ref Was significantly correlated with CDE in seven of nine spe-
Jordan site (T. ramosissima and E. angustifolia), CDE exerted a posi-

tive influence on G, such that G increased during the growing

ref’
season (Figure S5). However, for the remaining five species inhab-
iting mid to high elevations (Reservoir, Parley's and Upper sites),

CDE was negatively associated with G__., which decreased during

ref
the growing season. P. fremontii at the Jordan site and Salix hybrid
at the Reservoir site did not exhibit growing season variation in
G,; associated with CDE.

Across species, minimum ¥,,, was not significantly correlated
with the magnitude of the effect of CDE on G

two species with positive Iy (T. ramosissima and E. angustifolia) also

ref

(;4/,), although the

achieved the most negative minimum ¥, .

3.4 | Stomatal sensitivity

Because standardized stomatal sensitivity (S) is inversely propor-
tional to G, (Equation 8), the temporal patterns of S (Figure 6) are
opposite to those of G, (Figure S5). T. ramosissima and E. angustifolia
exhibited decreasing S over the growing season, even as all three
species from the low-elevation Jordan site had low stomatal sensi-
tivity throughout the season (5 <0.6). Five of six species at the three
higher elevation sites exhibited increasing S across the growing sea-
son. Populus hybrid and A. grandidentatum transitioned from weakly
anisohydric to isohydric (S>0.6). Despite increasing S, A. negundo
remained strongly anisohydric while B. occidentalis and P. angustifolia

P. fremontii 4
T. ramosissima -

E. angustifolia 4

P. hybrid 4 —h—
S. hybrid A —_—
A. negundo 4 —h—
A. grandidentatum-4 ~——&—— Jordan
A Reservoir
i s - —_— A
B. occidentalis A Parley's

A Upper

P. angustifolia4 ————#&———

002 -001 000 001 002
Up

FIGURE 5 Species-level sensitivity of reference conductance
(G,.f) to CDE (,u/}). Points represent the posterior mean, and error
bars indicate the central 95% credible interval (Cl). Triangles denote
diffuse-porous, native species, and circles denote ring-porous, non-
native species

stayed isohydric. The stomatal sensitivity of P. fremontii (Jordan) and
Salix hybrid (Reservoir) did not change over time.

Among the three representatives of the genus Populus, low-
elevation P. fremontii remained strongly anisohydric and the high-
elevation P. angustifolia remained isohydric throughout the season,
while the intermediate Populus hybrid more closely resembled P.
angustifolia. Among the two Acer species, A. negundo was strongly
anisohydric, in contrast to the more intermediate stomatal sensi-
tivity of A. grandidentatum that shifted from weakly anisohydric to
isohydric. Even among congeneric species, stomatal sensitivities and
their temporal trends can strongly differ.

4 | DISCUSSION

Among nine dominant riparian tree species occurring along an el-
evation gradient, standardized stomatal sensitivity (S) was tempo-
rally variable across the growing season for seven species, driven
by reference conductance that varied with cumulative D exposure.
Temporal trends in S differed among the species, which reflected
differences in exposure to cumulative D and wood anatomy. Despite
the highest cumulative D at the low-elevation site, the two ring-
porous species (T. ramosissima and E. angustifolia) exhibited decreas-
ing stomatal sensitivity across the growing season (i.e. progressively
more anisohydric). Among the three higher elevation sites, five
diffuse-porous species experienced increasing S during the growing
season, suggesting progressively more isohydric stomatal behaviour.
We find that temporal shifts in hydraulic regulation can be driven by
atmospheric moisture deficit, even in the absence of soil water limi-
tations. Moreover, contrasts in temporal shifts in stomatal sensitiv-
ity, whereby non-native riparian tree taxa become progressively less
sensitive relative to native taxa, may have important implications for
future riparian forest community structure in the increasingly arid
western United States.

4.1 | Temporal trends in stomatal sensitivity

Seasonal differences in plant hydraulic regulation have been
reported across different metrics for characterizing hydraulic
strategy. For example, the sensitivity of sap velocity to D dif-
fers between summer and winter in the evergreen gymnosperm
Callitris glaucophylla, although not in the co-occurring evergreen
angiosperm Eucalyptus crebra (Zeppel et al., 2004). From an index
of iso/anisohydry quantified by the slope (¢) between predawn and
midday ¥ (Martinez-Vilalta et al., 2014), seasonal shifts in plant
hydraulic regulation have been previously reported in Larrea tri-
dentata (Guo et al., 2020), Quercus douglasii (Feng et al., 2019) and
Quercus suber (Haberstroh et al., 2021), all considered drought-
tolerant species experiencing large variation in soil and atmos-
pheric moisture conditions. In these species, stomatal sensitivity
of individual plants decreases (i.e. became more anisohydric) dur-
ing the wet season, consistent with prioritizing carbon gain while
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FIGURE 6 Predicted seasonal trends in standardized stomatal sensitivity (S = m/G

sensu Oren, Sperry, et al., 1999). The dotted line at

ref’

0.6 indicates the S commonly found among mesic species (Oren, Sperry, et al., 1999). Points represent the posterior mean, and error bars
indicate the central 95% credible interval (Cl). Grey boxes indicate the sampling period at each site. Triangles denote diffuse-porous, native
species, and circles denote ring-porous, non-native species. Note that y-axis scales are consistent for each site

conditions are amenable. However, in a meta-analysis of predawn
and midday ¥, the direction of change in ¢ from wet to dry years
was species-specific (Wu et al., 2021). The potential contrasts
between intra-annual versus inter-annual shifts in plant hydraulic
regulation remain unresolved but could arise from differences in
hydraulic traits and rainfall seasonality.

In this study, the nine Western riparian tree species were rooted
near shallow water-tables, reflected by consistently high predawn
water potentials (Figure S1). Thus, while Guo et al. (2020) showed
that concomitant changes in D and soil moisture were associated
with temporal shifts in 6, here we demonstrate that temporal shifts
in hydraulic regulation can be driven by atmospheric moisture deficit
alone, lending additional support to the importance of D for quanti-
fying plant hydraulic regulation (Novick et al., 2019). We also found
species-dependent changes in standardized stomatal sensitivity at
the subannual scale, consistent with the findings of Wu et al. (2021)
at the inter-annual scale. Future studies that incorporate multiple
metrics of hydraulic regulation (reviewed in Feng et al., 2019) have
the potential to reveal coordination, particularly between response-
and trait-based metrics (Kannenberg et al., 2021).

4.2 | Potential traits underlying temporal shifts

Stomatal regulation mediates the impact of atmospheric demand
on leaf water potential (¥,,,), which is also influenced by hydraulic

conductance between the soil and canopy. The ability of seven spe-

cies to alter conductance at reference conditions (G, , Figure 5)

ref’
suggests that individual plants often adjust hydraulic conductance
across the growing season. For example, the ratio of water-supplying
to water-demanding tissues can be altered by radial growth of new
xylem (Fonti et al., 2010), root growth (Huang & Eissenstat, 2000)
or embolism-induced loss of conductivity (Jaquish & Ewers, 2001;
McCulloh et al., 2011). Similarly, leaf area changes via leaf abscission
and regrowth (Dallstream & Piper, 2021; Filewod & Thomas, 2014)
can change plant demand for water. Indeed, seasonal shifts in plant
allometry can significantly impact hydraulic regulation, sometimes
exceeding the influence of environmental variables (Kannenberg
et al., 2021; Novick et al., 2019). Although allometric methods can
be destructive and/or labour-intensive, repeated measurements of
plant allometry within a season can shed additional light on variable
hydraulic regulation.

At the whole-plant level, balance between water supply versus
demand can be captured by the Huber value (Hv), or the ratio of
sapwood area to leaf area (Tyree & Ewers, 1991). Increased Hv can
reduce water potential gradients within plants and compensate for
vulnerable xylem both across species (Mencuccini et al., 2019) and
as a phenotypic response to increased aridity (Lopez et al., 2016).
Across species, Hv is negatively correlated with maximum xylem
conductivity (Sanchez-Martinez et al., 2020) and reference conduc-
tance (Flo et al., 2021). If the inverse relationship holds true for indi-
vidual trees over time, as it does in Australian species in four habitats
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(McClenahan et al., 2004), we would expect the ring-porous species

with increasing G_ . to decrease Hv over the season, with the oppo-

sref
site generally holding true for diffuse-porous species. However, re-
peated measurements of Hv are needed to confirm the mechanism
driving increasing reference conductance in ring-porous species.

Ring- and diffuse-porous species exhibited contrasting sea-
sonal trends in reference conductance: G, of ring-porous species
increased with cumulative D exposure, while G, of diffuse-porous
species either decreased or remained the same. At first glance, the
idea of seasonally increasing G, in ring-porous species seems in-
congruous, as native hydraulic conductivity naturally decreases fol-
lowing the cavitation of earlywood vessels (Taneda & Sperry, 2008).
However, in two Quercus species, the remaining small-diameter
vessels can nonetheless sustain high rates of transpiration (Cochard
& Tyree, 1990). Ring-porous species might sustain high conductiv-
ity using latewood vessels alone, whereas diffuse-porous species
appear to suffer progressive loss of conductivity throughout the
season (S. E. Bush et al., unpublished) and in response to drought
(Hoffmann et al., 2011). Therefore, we posit that the progressive
shift towards isohydry in diffuse-porous species can be attributed to
the prevention of progressive embolism, while the progressive shift
towards anisohydry in ring-porous species may reflect less vulnera-
ble latewood vessels.

4.3 | Consequences for riparian trees and beyond
The dynamics of fluvial hydrology and groundwater availability un-
doubtedly act as strong agents of selection in riparian tree taxa in
terms of rooting depth, hydraulic architecture, xylem anatomy and
stomatal regulation. In general, riparian tree taxa are largely drought
intolerant and have xylem that embolize at relatively high water po-
tentials. For example, A. negundo, B. occidentalis, P. angustifolia, P. fre-
montii, S. gooddingii (a close relative of the Salix hybrid in the present
study) and T. ramosissima have reported mean ¥, values that range
between -1.29 and -1.61 MPa (Choat et al., 2012).

Broadly speaking, drought-intolerant species with higher (less
negative) W, express greater regulation of leaf water potentials via
stomatal conductance (i.e. more isohydric) (Skelton et al., 2015; Trifilo
et al., 2015), suggesting that highly vulnerable riparian tree species
should express strong isohydric patterns of stomatal regulation.
However, three of the most vulnerable (highest ¥, ) species in our syn-
thesis displayed surprisingly insensitive (S<0.6) stomatal responses
to D, including A. negundo, P. fremontii and T. ramosissima. Likewise,
A. grandidentatum, a species with a far more negative reported mean
¥y, of -3.66 (Choat et al., 2012), also exhibited somewhat anisohy-
dric behaviour early in the growing season. These results indicate that
under well-watered conditions, stomatal sensitivity to D in some ri-
parian taxa can be surprisingly low, particularly in warm-adapted taxa
where leaf cooling may be prioritized over hydraulic safety (Aparecido
et al., 2020; Blasini et al., 2022; Hultine et al., 2020).

The fact that the two ring-porous species in our survey were
the only two species to demonstrate a positive correlation between

G, and cumulative D (Figures 5 and 6) may have important implica-
tions for future tree community structure in western riparian for-
ests because both species are invasive. Across 17 western states,
T. ramosissima (and closely related T. chinensis and their hybrids) and
E. angustifolia are currently the third and fourth most frequently oc-
curring woody plants in the region, following only species of Populus
and Salix (Friedman et al., 2005). Given the expressed decreased
sensitivity of G, with cumulative D, it is plausible that a progres-
sive increase in aridity across the western United States could fur-
ther amplify the competitiveness of these two highly invasive tree
species relative to native tree taxa, even where plant available soil
water remains high. Conversely, species such as A. grandidentatum,
B. occidentalis and P. angustifolia that generally occupy more mesic
riparian habitats demonstrated strongly decreasing G, values with
cumulative D (Figure 5), suggesting that increasing aridity could has-
ten the shrinking of these species' climate niche relative to other
riparian tree taxa.

Importantly, the interpretation of results from the present study
hinge on the assumption that stomatal regulation is constrained
exclusively by D, and not limited by soil moisture. Predawn water
potentials indicate that the trees were never exposed to significant
soil water deficits, with mean values ranging from -0.77MPa in A.
negundo in September to -0.29 MPa in P. fremontii in July (Figure S1).
Therefore, contrasts in seasonal variation of G, (and S) among spe-
cies, we conclude, were primarily driven by species sensitivity to at-
mospheric aridity, quantified by stomatal responses to cumulative
D. Given that changes in climate are bringing longer, more frequent
and more intense heatwaves with higher D across the globe, riparian
areas in arid regions are likely to experience profound changes in net
primary productivity with potential changes in tree species assem-
blages. Furthermore, the impacts of higher D are likely not limited
to riparian ecosystems, but should also impact other groundwater-
dependent systems, and habitats where increasing atmospheric
aridity is seasonally decoupled from soil water limitation, such as
tropical or temperate regions.

5 | CONCLUSIONS

Even in the absence of soil moisture limitation, stomatal sensitivity
of riparian tree taxa varies with respect to the cumulative effect of
high D and differences in wood anatomy. Temporal changes in sto-
matal sensitivity were driven by changes in reference conductance,
which reflects the balance between water-supplying and water-
demanding tissues. Diffuse-porous species mostly experienced
increasing stomatal sensitivity, a conservative hydraulic response
which is consistent with accumulated xylem embolism. Interestingly,
non-native ring-porous species were able to reduce stomatal sen-
sitivity as the growing season progressed, which may reflect shifts
towards greater safety in latewood vessels. While the mechanisms
underlying seasonal variation in stomatal sensitivity are largely un-
known, higher frequency measurement of hydraulic and allometric
traits are needed to complement instrument data (e.g. sap flow,
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stem psychrometers) to understand plant hydraulic regulation under

novel climate conditions.
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