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Introduction

Summary

¢ Populus fremontii is among the most dominant, and ecologically important riparian tree
species in the western United States and can thrive in hyper-arid riparian corridors. Yet,
P. fremontii forests have rapidly declined over the last decade, particularly in places where
temperatures sometimes exceed 50°C.

¢ We evaluated high temperature tolerance of leaf metabolism, leaf thermoregulation, and
leaf hydraulic function in eight P. fremontii populations spanning a 5.3°C mean annual tem-
perature gradient in a well-watered common garden, and at source locations throughout the
lower Colorado River Basin.

e Two major results emerged. First, despite having an exceptionally high T, (the tempera-
ture at which Photosystem Il is disrupted) relative to other tree taxa, recent heat waves
exceeded T, requiring evaporative leaf cooling to maintain leaf-to-air thermal safety mar-
gins. Second, in midsummer, genotypes from the warmest locations maintained lower midday
leaf temperatures, a higher midday stomatal conductance, and maintained turgor pressure at
lower water potentials than genotypes from more temperate locations.

e Taken together, results suggest that under well-watered conditions, P. fremontii can regu-
late leaf temperature below T along the warm edge of its distribution. Nevertheless,
reduced Colorado River flows threaten to lower water tables below levels needed for evapora-
tive cooling during episodic heat waves.

from historic means by 1.9°C by 2050 to 5.0°C by the end of
the century (Cayan et al, 2013). Although the return interval

Projected increases in sub-continental-scale mean annual, seaso-
nal, and monthly temperatures due to climate change are well
established with relatively strong agreement among global circu-
lation models (Watanabe ez 2/, 2010; Dufresne et al, 2013;
Zhao et al., 2021). What is not as well understood is the extent
to which future climate change will impact extreme temperature
events, such as episodic heat waves (Guirguis ez a/., 2018; Wobus
et al., 2018). Some of the most frequent and intense summer heat
waves on the planet are occurring in the subtropical regions of
North America, including the desert southwestern United States
and northern Mexico, where temperatures are regularly exceeding
45°C  (Zscheischler &  Seneviratne, 2017; Overpeck &
Udall, 2020; Tillman ez al, 2020; Fischer et al, 2021). Model
simulations indicate that mean summer temperatures in the
southwestern United States and northern Mexico will increase
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of episodic heat waves is difficult to predict, model outputs indi-
cate that 100-yr heat wave events in the southwestern United
States will occur around threefold more frequently with a global
temperature increase of 2.0°C in relation to historic conditions
(Russo et al., 2019).

The lower Colorado River corridor that extends from Lake
Mead near Boulder City, Nevada, to the river’s terminus at the
Sea of Cortez in northwestern, Mexico, is among the warmest
regions in North America, experiencing temperatures that
approach, or even exceed 50°C in midsummer, with more fre-
quent and intense heat waves predicted (Tillman er al, 2020;
Bennett er al., 2021). As a consequence of these novel climate
conditions, the highly heat adapted riparian flora that persist
along the lower Colorado River corridor are at risk of rapidly
becoming maladapted to their local environment. Compounding
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the impacts of heat stress are river flows that have fallen dramati-  most thermally sensitive components of photosynthesis (Weis &

cally below historic levels as a reflection of over-allocation of river
water and over two decades of historic drought (Woodhouse
et al., 2010; Williams et al., 2020, 2022). Greatly reduced river
flows will likely lower water tables that support riparian tree taxa
in ways that will further exacerbate the impacts of episodic heat
waves (Tillman et al., 2020).

Among the most widely distributed and ecologically important
riparian tree species in the southwestern United States and north-
ern Mexico is the iconic Fremont cottonwood (Populus fremontii
Sarg.). Although P. fremontii is highly intolerant of soil water
limitations and, thus. its distribution is limited to stream margins
and wetland areas, it is by far the most dominant native riparian
tree species along the hyper-arid lower Colorado River. This spe-
cies supports diverse ecosystem services and creates a hotspot of
biodiversity in an arid landscape that is of great conservation con-
cern (Ferrier et al., 2012; Bangert et al., 2013). Populus fremontii
is highly dependent on shallow groundwater availability for survi-
val (Stromberg, 1993; Snyder & Williams, 2000; Rood et al.,
2003; Hultine ez 4/, 2010). On the warm edge of its distribution
(i.e. along the lower Colorado River), the soil water requirements
for P. fremontii survival are amplified by the necessity to cool
leaves below a critical threshold to maintain photosynthetic gas
exchange and leaf longevity over the summer (Hultine
et al., 2020b). Thus, the reduction in river discharge into the
lower Colorado River could dramatically reduce what is likely
already a narrow hydrological niche for P. fremontii (Horton
et al., 2003; Hultine ez al., 2020b; Fig. 1).

Leaf thermal safety can be maintained by either evaporative
cooling and/or establishing high thermal tolerance during heat
waves. Leaf thermal tolerance is often characterized in relation to
electron transport capacity of Photosystem II (PSII): one of the
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Berry, 1988; Knight & Ackerly, 2003; Geange et al., 2021). One
way to evaluate changes in Photosystem II in response to thermal
stress is to measure minimum chlorophyll # fluorescence (F,)
over different temperature conditions since electron transport
capacity of PSII is mechanistically linked to £, (Maxwell & John-
son, 2000). The temperature response of F, typically follows a
pattern, whereby levels remain relatively constant with moderate
heating, before F, increases sharply at higher temperatures and
then declines sharply as temperatures continue to increase
(Knight & Ackerly, 2002; O’Sullivan ez al,, 2013, 2017). Here,
we define leaf thermal tolerance thresholds as the critical tem-
perature in which electron transport of PSII is initially disrupted
(T%si0)> when an increase in temperature results in a rapid rise in
F, determined at the point of intersection of two lines, represent-
ing the flat and steep parts of the £, — temperature response curve
(Knight & Ackerly, 2002). This inflection point between negligi-
ble and rapid increases in F, likely reflects increased membrane
fluidity and the dissociation of membrane-bound proteins
involved with electron transport capacity of PSII (Schreiber &
Barry, 1977; Hiive er al, 2011). Previous studies indicate that
T can vary among species, within species, and even within
individual plants and is often correlated with previous tempera-
ture exposure (Knight & Ackerly, 2002; O’Sullivan ez al., 2017;
Drake et al., 2018; Perez & Feeley, 2020; Slot et al., 2021) and
leaf morphology (Knight & Ackerly, 2003; Slot ez al., 2021).

We evaluated high temperature tolerance of leaf metabolism,
leaf thermoregulation, and leaf hydraulic function in genotypes
from eight P. fremontii populations planted in an experimental
common garden and at source population field locations across a
broad temperature gradient within the lower Colorado River
Basin. The common garden was located at the extreme warm

: e 7 k.

Fig. 1 Photographs of a dead stand of Populus fremontii trees along the lower Bill Williams River in west central Arizona, USA, at its confluence with the
Colorado River in March 2017, following multiple years of drought and heat stress. Photo credits: Hillary Cooper, Tom Whitham.
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edge of P. fremontii’s distribution, providing a unique opportu-
nity to assess local adaptation to heat stress, thermal tolerance
thresholds, and potential physiological trade-offs for coping with
extreme heat wave events that are forecasted to increase in fre-
quency and intensity with climate change in the desert southwes-
tern United States. We tested the following inter-related
hypotheses: (1) T would be positively correlated with mean
annual temperature of source population location; (2) minimum
daytime stomatal conductance (gm;,) in midsummer would be
positively correlated with mean annual temperature of source
populations; (3) midday 7j..r would be negatively correlated with
mean annual temperature of source population, reflecting greater
evaporative cooling from higher g, values (i.e. Hypothesis 2);
and (4) as a consequence of selection to maintain a higher gin
drought tolerance — determined by leaf turgor loss point (Wpp) —
would be correlated with mean annual temperature of source
population.

In addition to testing the four hypotheses above, we compared
T measured in leaves collected from P. fremontii source sites
with previously published leaf T data from 177 species, span-
ning a 25 plus °C range in mean maximum temperatures during
the warmest month (O’Sullivan ez 4/, 2017). We then related
T measured in leaves from P. fremontii source location to the
hottest air temperature recently experienced at each population
location. Here, we define leaf thermal safety margin as the differ-
ence between 7., and maximum air temperature (7;,,,) experi-
enced during extreme heat wave events; similar to definitions
used by O’Sullivan ez al. (2017). These comparisons provide con-
text for whether P. fremontii genotypes occurring in the warm
edge of its distribution are particularly well adapted to heat expo-
sure relative to other tree taxa, and if so, whether warm-adapted
genotypes will likely cope with current and forecasted heat expo-
sure along the lower Colorado River.

Materials and Methods

Description of common garden and source populations

Populus fremontii (Wats.) exhibits substantial genetic variation
throughout its range (Cushman ez al., 2014), which encompasses
broad environmental gradients extending from Mexico, Arizona
and California in the south, and reaching northward into Nevada
and northern Utah (Eckenwalder, 1977). Extensive field collec-
tions reveal that P. fremontii is strongly differentiated into three
distinctive genetic groups, and genetic variation among popula-
tions is primarily driven by climate gradients and connectivity
along river networks (Cushman er al, 2014; lkeda ez al., 2017;
Bothwell ez al., 2023). Among these, genetic groups is a distinc-
tive ecotype within the Sonoran Desert region comprising the
lower Colorado River Basin (Ikeda ez al., 2017).

In 2014, an experimental common garden was established
along the lower Colorado River near Yuma, AZ, USA (32.850,
—114.493, 49 m, Fig. 2), from replicate cuttings collected from
12 P. fremontii genotypes per 16 source populations representing
two of the three ecotypes defined by lkeda ez /. (2017). The gar-
den consisted of over 4000 cuttings planted in four replicated
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blocks with 2m of spacing and has previously been described
(Cooper et al., 2019; Hultine ez al,, 2020a). Mean annual tem-
perature in the garden was 22.8°C, and mean annual daily maxi-
mum temperature (MAMT) was 31.6°C (PRISM Climate
Group, 2022). The garden was regularly watered from flood irri-
gation delivered from a nearby reservoir with a centrifugal pump.

We selected eight populations from the Sonoran Desert eco-
type for study. The exclusive selection of genotypes within the
Sonoran Desert ecotype allowed us to evaluate local adaptation
to heat stress within (1) the warmest region of P. fremontii’s distri-
bution, (2) within a single river network, and (3) within a distinct
genetic group (Cushman er @/, 2014). The elevation of the
source population sites ranged from 70m asl to 1234 m asl
(Table 1; Fig. 2) and transfer distance — defined as the difference
between the MAMT of the common garden location and the
MAMT of population source location (Grady et al., 2011) — ran-
ged from 1.06°C to 6.32°C (Table 1). Herein, each population
is labeled by its transfer distance. A single replicate of 10 geno-
types per population (7= 80 genotypes) was haphazardly selected
for study. To minimize potential confounding microsite effects
within the common garden, all of the genotypes were selected
within only two of the four blocks, and individual genotypes
occurring along the edge of each block were avoided. At the onset
of the study in May, mean population diameter at the root crown
ranged from 31.3 mm (£1.8 SE) to 61.7 mm (+4.7 SE), and
mean population tree height ranged from 2.12 m (£0.14 SE) to
4.62 m (+4.62 SE; Table 1). Diameter at the root crown and tree
height was both negatively correlated with transfer distance, that
is the largest trees generally came from populations with the low-
est transfer distance (Supporting Information Fig. S1). Two field
campaigns were conducted during the 2021 growing season to
evaluate leaf thermal tolerance, leaf-level stomatal conductance,
leaf temperature, leaf water potential, leaf turgor loss point, and
leaf morphology (to be described later for measurement details).
The first campaign was conducted from 3 May to 6 May (Day of
year 123-126) when maximum daytime air temperatures are
typically below 35°C. The second campaign occurred from 20
August to 22 August (Day of year 232-234) when historic air
temperatures often exceed 45°C. An Onset Hobo micrometeoro-
logical station (Onset Inc., Bourne, MA, USA) was installed in
an open area in the common garden and measured air tempera-
ture (7 °C), humidity (n,: %), and photosynthetic actively
radiation (Q pmol m™?s™!) from 3 May 2021 to 23 August
2021 every 30 s with mean values recorded every 10 min. Mea-
surements of temperature and humidity were used to calculate
atmospheric vapor pressure deficit (D: kPa) from Monteith &
Unsworth (1990).

Field leaf collections

In mid-July, 2022, leaves were collected from all eight
P. fremontii source population locations to measure 7, and
Wrrp for comparison with values measured in the common gar-
den. It was not possible to collect leaves from all of the same
source genotypes as those that comprised the common garden
due to mortality from fire and flooding of some genotypes since
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Fig. 2 Source location for the Yuma common garden and the eight source population locations for Populus fremontii. Transfer distances are displayed next
to each icon and were calculated using the mean annual maximum temperatures at each location between 1991 and 2020 (PRISM Climate Group, 2022).
Mean annual temperature data acquired from Fick & Hijmans (2017). For details of the source population locations, see Table 1.

Table 1 River/creek system, site elevation, mean annual maximum daily temperature (MAMT), transfer distance, latitude and longitude of source
populations, basal stem diameter, and tree height of genotypes studied in an experimental common garden in Yuma, AZ, USA.

Site elevation MAMT Transfer distance Basal stem dia Tree height
River/Creek (m) (°Q) (°Q) Lat Long (mm) (m)
Colorado River 70 29.83 1.73 33.362 —114.698 53.5(5.5) 3.80(0.39)
Bill Williams River 143 30.50 1.06 34.276 —114.059 61.7 (4.7) 4.62 (0.25)
Hassayampa 575 28.76 2.80 33.909 -112.676 49.5 (4.1) 3.54(0.26)

River

New River 666 27.91 3.65 33.948 -112.136 38.0(2.6) 2.70(0.15)
Santa Cruz River 986 27.20 4.36 31.565 —111.045 37.7 (2.4) 2.42(0.10)
Agua Fria 988 25.23 6.32 34.257 —112.066 36.9(3.7) 2.92(0.31)
San Pedro River 1219 26.60 4.96 31.610 —-110.167 31.3(1.8) 2.12(0.14)
Sonoita Creek 1234 25.76 5.80 31.536 —110.763 46.5(1.8) 3.11(0.14)

Numbers in parentheses represent + SE of the means.

the original collections in 2013. However, we were able to collect
leaves from co-occurring trees at all locations. Although
P. fremontii individuals are rarely clonal (Schweitzer ez al., 2002),
leaves were collected from trees that were at least 10 m apart at
each location. A pole pruner was used to collect 10-20 fully

© 2023 The Authors
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expanded sunlit leaves, typically from canopy heights ranging
from 6.0 to 7.0 m (Table S1). The leaves were then processed
according to methods described below. The maximum air tem-
perature ( 7;.,) experienced at each field location between 2012
and 2021 was extracted from publicly available meteorological
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data from nearby weather stations. The maximum distance
between collections sites and the nearest weather station was
10 km with a difference in elevation of 130 m. Data were used to
calculate field thermal safety margins defined as 7i;—7imax
(O’Sullivan et al., 2017).

Measurements of leaf thermal tolerance

Leaf thermal tolerance was quantified by measuring minimum
chlorophyll 2 fluorescence (F,) in leaf samples across a steady
temperature gradient. The thermal sensitivity of F, was measured
with a Closed FC-800-C FluorCam fluorescence imager coupled
to a TR2000 thermoregulator (Photon System Instruments, Dra-
sov, Czech Republic). Three, recently flushed, sunlit leaves were
collected from each genotype in mid-to-late afternoon and
immediately placed in a dark cooler and shipped from Yuma or
driven from field locations to the laboratory where they were
stored in a refrigerator before processing. Because P. fremontii
continue to flush leaves throughout the growing season, recently
flushed leaves selected in August were likely of a similar age as
leaves selected in May. Before measuring the thermal sensitivity
of F,, one leaf from each genotype was randomly selected to eval-
uate the maximum quantum yield of PSII to confirm that the
leaves maintained a high photochemical quenching capacity
between the time they were collected and the time they were ana-
lyzed (usually <72 h). Maximum quantum yield was defined as
F,: F,, where F, is the maximum fluorescence yield and
F,=F,—F, (Maxwell & Johnson, 2000). Leaves were dark
adapted for 30 min and then exposed to an initial 30 ps initial
light pulse to determine F,, followed by a 2400 pmol m*s™'
saturating light pulse to determine £,,. Leaves with values above
0.70 (unitless) were considered healthy enough to measure ther-
mal sensitivity of F,, given that 0.70 and above is near the theore-
tical optimum of 0.83 (Maxwell & Johnson, 2000).

For F, thermal sensitivity measurements, three 5.5 mm dia-
meter disks were sectioned from the central part of each leaf, tak-
ing care to avoid major leaf veins. The leaf disks were placed with
deionized water into wells of a heating block apparatus coupled
to the TR2000 thermal regulator. The heating block was then
placed inside of the FC-800-C FluorCam enclosure for 30 min.
After the leaves were dark adapted, F, was measured every 30 s as
the heating block temperature was raised from 30°C to 60°C at a
rate of 0.5°C/1 min. Each F, measurement was taken in five
rapid bursts of far-red light that occurred over 160 ms. The F,
values collected during each of these five bursts were averaged to
give a single value per temperature point.

Measurements of leaf thermal regulation

Leaf stomatal conductance (g, mol m s ') was measured with
a LI600 Porometer (LiCor Inc., Lincoln, NE, USA). Measure-
ments were conducted on three, recently flushed, fully expanded
leaves per genotype in both May and August. Each leaf was posi-
tioned ¢ 1.5-2m above the ground surface. In both May and
conducted at mid-morning

12:00 h—13:45h), and

August, measurements were

(¢ 9:00h-10:45h), midday (e
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mid-afternoon (c. 15:00 h—16:45 h) on the same leaves during
each measurement period. In some cases, the selected leaves were
shaded during one or more measurement period, and when possi-
ble, a different nearby leaf was selected on the same genotype.
Because P. fremontii amphistomatous  (Blasini
et al., 2021), measurements were made on both sides of each leaf
to calculate an average leaf g. Due to the LI600’s open chamber
design, the environmental conditions in the chamber were

leaves are

matched to the local ambient conditions.

Leaf temperatures (7., °C) were determined simultaneously
with measurements of g using an infrared thermal imaging cam-
era for smartphones (FLIR One Pro; Teledyne FLIR Inc., Wil-
sonville, OR, USA). Thermal images were processed using FLIR
Thermal Studio Pro (Teledyne FLIR Inc.) to extract mean 7j..¢
Each leaf was outlined with a polygon tool within FLIR Thermal
Studio Pro and the average maximum leaf temperature was
extracted from all of the pixels within the polygon.

Measurements of leaf hydraulic safety and structure

Leaf water potentials were measured on all 80 genotypes in May
and August. Measurements were conducted at predawn (¥,
MPa) between 3:00 h and 5:00 h, and during the day between
11:00 h and 13:00 h and between 15:00 h and 17:00 h to deter-
mine minimum daytime water potentials (‘W,,;,, MPa). During
each measurement period, a single, open canopy leaf was excised
with a sharp razor blade at ¢. 1.5 m above the ground surface.
The excised leaves were immediately placed in a sealed ziploc
containing a moist paper towel and placed in a dark cooler. All
water potential measurements were conducted within 15 min of
collection using a 1505XD-EXP Scholander type pressure cham-
ber (PMS Instruments, Albany, OR, USA).

Leaf turgor loss point (Wr1p) was measured as a predictor of
leaf hydraulic limits because (1) it is a strongly correlated with
aridity within and across biomes (Bartlett er al, 2012b),
(2) strongly predicts the leaf water potential at which stem and
leaf hydraulic conductance falls to 50% of maximum (Blackman
et al., 2010; Bartlett ez al., 2016), and (3) strongly predicts the
leaf water potential that induces a 50% decrease in stomatal con-
ductance (Bartlett ez al, 2016). Small sun exposed twigs were
excised and the cut ends were immediately submerged in water in
a sealed cooler and transported to the laboratory where the stems
were covered with a plastic bag and placed in a refrigerator. Three
fully hydrated leaves were removed from the stem the following
morning, and the petioles were excised with a razor blade, and
any surface moisture, if present, was removed. A 7.25 mm dia-
meter cork-borer was used to cut two disks out from each fresh
leaf, one on each side of the leaf approximately midpoint between
the mid-rib and the outer edge of the leaf, but avoiding any large
veins. The leaf disks were quickly sealed in aluminum foil and
submerged into liquid nitrogen for ¢ 5 min, after which 5-10
small holes were punctured randomly throughout the disk using
a sharp-tipped tweezers. The leaf disks were placed in a calibrated
VAPRO 5520 vapor pressure osmometer (Wescor Inc., Logan,
UT, USA) to measure the leaf osmotic potential at full turgor
(Wr100» MPa). We used the regression equation from Bartlett

© 2023 The Authors
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et al. (2012a) to calculate turgor loss point as Wrip=
0.832%¥ ;190 — 0.631.

In order to validate the osmometer approach to measure W p,
we compared Wr1p values obtained from the osmometer with
Yrip values obtained from standard pressure volume curves
(Schulte & Hinckley, 1985). Sunlit, P. fremontii leaves were col-
lected over a 1-wk period in October, 2022, from a single tree
and split into two groups with Wrip measured with the osm-
ometer in one group and W p measured using pressure—volume
curves in the second group.

Statistical analyses

All statistical analyses were performed in either R v.4.1.2 (R Core
Team, 2019) or PrisMm v.9.4.1 (GRAPHPAD Software, LLC, Bos-
ton, MA, USA). Breakpoint regression was used to calculate ¢,
the temperature associated with the inflection point between the
slow- and fast-rise phase of the temperature-F, response (See
Fig. S2 for an example of the temperature-F, response curve),
using the SEGMENTED package in R (Muggeo, 2017). Before cal-
culating 77;, mean genotype F, values for each sampling period
and location were scaled to fall between 0 and 1, where 0 was the
minimum recorded F, and 1 was the maximum recorded F,.
Using this transformed data, 7_;, was calculated for each disk fol-
lowing procedures from Arnold ez al. (2021), which were modi-
fied to account for a difference in instruments used and data
output format.

Before analyzing the data, we examined whether each variable
met the assumptions of normality and homogeneity of variance,
using a Shapiro or Bartlett test. In cases where the data were not
normally distributed, they were normalized by log transforma-
tion. Once the requirements of normality were met, relationships
between physiological traits including: Tl Zmins ATicas Ppas
W nins Prip, W, and transfer distance were analyzed using linear
regression. Differences in 7, and Wr1p among measurements
conducted in May and August at the common garden and from
field locations were evaluated using analysis of variance
(ANOVA). When a trait showed significant variation, we used a
Tukey’s HSD post hoc test to detect difference among groups.
Differences in trait means between May and August at the com-
mon garden were evaluated using a paired student’s #test with
equal variance. For all tests, only P-values of <0.05 were consid-
ered significant.

Results

Weather conditions at the common garden

Between 3 May (commencement of first field campaign) and
21 August (conclusion of second field campaign), the mean
daily maximum temperature at the common garden was
39.60°C, ranging from 28.49°C on 21 May (Day of year 141)
to 45.44°C on 16 June (Day 166; Fig. S2a). The mean daily
minimum temperature was 20.01°C, ranging from 7.22°C on
21 May (Day 166) to 28.89°C on 12 July (Day 193;
Fig. S3a). On average, D peaked at 5.55kPa, ranging from
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3.00kPa on 24 July (Day 205) to 8.51kPa on 15 June (Day
166; Fig. S3b). Mean diurnal low D was 0.70 kPa, ranging
from 0.14kPa on 24 May (Day 144) to 1.66kPa on 12 July
(Day 193; Fig. S3b). Daytime Q was above 2000 pmol m s~
on virtually every day except 24 July (Day 205, Data not
shown), reflecting the near constant sunlight that the Yuma
area receives throughout the year.

Leaf thermal tolerance

In May, mean T among all genotypes was 48.85°C (£0.13
SE) and, in August, increased to 50.06°C (£0.09 SE), while at
the native field sites in mid-July, mean 7. was 51.37°C (£0.11
SE). Seasonal differences in 7, at the common garden were
highly significant (£<0.0001, Fig. 3a), as were differences
between May and August with leaves collected from the field
locations (P<0.0001, Fig. 3a). In May, 7, was negatively cor-
related with transfer distance (Table 2). However, transfer dis-
tance only constrained 6% in the variation in 7 of all
genotypes. Counter to Hypothesis 1, no relationship was
detected between 7(; and transfer distance in either August
(Table 2), or from the native field locations (data not shown).

The mean 7_;, of 51.37°C of all genotypes from the field loca-
tions was higher than 87% of T, levels in over 170 species
recently analyzed and published in O’Sullivan er 2/ (2017;
Fig. S4). However, when compared to maximum summer heat
wave levels reached over the last 10 yr (2012-2021), mean ther-
mal safety margins (7 ;—7ima) ranged from —0.51°C warmest
location (Transfer Distance = 1.06°C) to 11.25°C at the coolest
location (TD = 6.32°C; Fig. 3b,c). Moreover, an increase in pre-
dicted summertime temperatures of 1.9°C, and 5.0°C by 2050
and 2100, respectively (Cayan ez al., 2013), would result in nega-
tive thermal safety margins during the warmest heat waves in up
to four of the eight populations analyzed (Fig. 3b,c), assuming
that increases in mean annual summer temperatures reflect
increases in maximum heat wave conditions.

Leaf thermoregulation

No relationship was detected between May gimin and transfer dis-
tance (Table 2; Fig. 4a). Mean air temperature in May was
34.80°C and ranged from 32.15°C to 36.99°C during periods in
which maximum leaf temperatures were measured. Afternoon
AT of all genotypes was on average 3.76°C. However, no
trend was detected between A 7j.,r and transfer distance (Table 2;
Fig. 4b).

In August, mean g.;, was 0.226 mol m %s ' (+0.03 SE):
nearly twofold above g, measured in May (Table 2), even
though mean afternoon D was virtually equal between the two
periods (4.88 kPa in May vs 4.85 kPa in August). In contrast to
May, gmin measured in August decreased with transfer distance
(Table 2; Fig. 4o),
distance accounted for 20% of the variation in g, at the indivi-
dual genotype level (£ 74=18.43, P<0.0001, Table 2; Fig. 4c).
Contrasts in g, between May and August (i.e. August gmin—
May ginin) were also inversely correlated with transfer distance,

supporting Hypothesis 2. Transfer
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Fig. 3 Thermal tolerance (T..) and Thermal safety margins (Tcit—Tsmax) in
Populus fremontii leaves collected from an experimental common garden
and at population source locations in Arizona. (a) Box and whisker plot
showing patterns of leaf T in Populus fremontii genotypes measured in
a common garden in Yuma, Arizona from leaves collected in May 2021
and August 2021, and from leaves collected from genotypes at the source
locations in the lower Colorado River Basin. The box and whisker plots
show the median, 25" and 75" percentiles (boxes), and the 10" and 90"
percentiles (error bars). Different letters represent significant differences
among the different leaf groups (P <0.05). (b) Mean T in relationship to
maximum temperature measured at each location between 2012 and
2021 (Tgmax)- Error bars represent the SE of the means (n =10 genotypes
per population). (c) Mean Tit—Tsmax in relationship to Tgmax measured
between 2012 and 2021, and with predicted increases in regional mean
annual temperatures by 2050 (1.9°C) and 2100 (5.0°C; Cayan

etal., 2013).

with transfer distance accounting for 26% of the variation at the
genotype level (F) 74=25.42, P<0.0001, Fig. 4e).

Mean air temperature during periods in which maximum leaf
temperatures were measured was 2.66°C warmer in August than
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in May, ranging from 35.82°C to 39.01°C. Afternoon A 7j..¢ of
all genotypes was on average 1.31°C cooler than air temperature,
and unlike in May, there was a fairly robust correlation between
transfer difference and A7j.,¢ at the genotype level (R =0.29,
F79=30.08, P<0.0001, Table 2; Fig. 4d), supporting Hypoth-
esis 3. Mean AT, decreased at least 3.18°C in all populations
from May to August, but was particularly striking in the popula-
tion with the lowest transfer distance (1.06°C) where mean
A Tieop decreased 9.28°C (Fig. 4f).

There was a fairly robust inverse relationship between A7]..¢
and gmin across all genotypes and both measurements periods
with the log(gmin) accounting for 38% of the variation in A7
(Fi150=93.9, P<0.0001, Fig, S5).

Hydraulic safety and leaf structure

Mean W,4 from all genotypes was nearly identical between
May and August (Table 2; Fig. S6), indicating that soil water
availability was similar during both periods. In May, mean
W4 of all genotypes was —0.37 (40.02 SE) while in August,
mean W,q was —0.38 (4:0.01 SE; Table 2). There was no rela-
tionship between W4 and transfer distance in either May or
August (Table 2). In May, mean ¥;, was —1.86 MPa (£0.03
SE), with no relationship detected between W¥,,;, and transfer
distance (Table 2). Mean Y., in August was —1.92 MPa
(£0.03 SE): nearly identical to W, measured in May
(Table 2; Fig. S6). Again, there was no relationship between
W nin and transfer distance (Table 2).

A comparison between the osmometer and the pressure—
volume curve approach to measure Wrp in P. fremontii yielded
no differences between methods. Mean Wpr;p was —2.69 MPa
(£0.05 SE, »=10 leaves), and —2.61 MPa (£0.12 SE, »=13
leaves), from the osmometer and from pressure-volume curves,
respectively (¢#=0.60, P=0.56, data not shown). In May, mean
leaf Wy p among all genotypes was —2.55 MPa (£0.02 SE), and
no relationship was detected between W p and transfer distance
(Table 2; Fig. 5a). In August, Wrrp was similar to May with a
mean among all genotypes of —2.59 MPa (£0.02 SE). However,
unlike in May, Wrpp increased slightly (i.e. became less negative)
with transfer distance, although the regression only captured
10% of the variation in W1 p (Table 2, Fig. 5b).

In May and August, the hydraulic safety margin (¥ i.e.
Wi p—Pmin) was a fairly robust —0.69 MPa (£0.03 SE), and
—0.60 MPa (£0.03 SE), respectively (Table 2). No relationship
was detected between P, and transfer distance in either May or
August (Table 2).

In contrast to patterns of W p measured in the common gar-
den, there was a fairly robust relationship between Wrip and
transfer distance in field-collected leaves (Fig. 5¢), with warm-
adapted genotypes having lower mean Wrpp values, supporting
Hypothesis 4. Among all genotypes, transfer distance captured
30% of the variation in W1rp (Fig. 5¢). In particular, genotypes
from the warmest location (1.06°C) had the largest departure in
Wrrp from values measured at the common garden, with a popu-
lation mean of —2.89 MPa (40.02 SE) at the field location com-
pared with mean values of —2.59 MPa (£0.07 SE) and
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Table 2 Leaf thermal tolerance (T¢it), minimum daytime stomatal conductance (gsmin), difference between maximum leaf temperature and air temperature
(ATeas), predawn leaf water potential (¥jea), minimum daytime leaf water potential (¥,,;n), leaf turgor loss point (¥1.p), and hydraulic safety margin (¥,)

from Populus fremontii leaves measured in May and August at an experimental common garden in Yuma, AZ, USA.

May August
Genotype High population  Low population Genotype High population  Low population
Measurement mean mean mean F statistic mean mean mean F statistic
Terit (°C) 48.85(0.13)  50.12(0.20): 47.91 (0.27): 4.92% 50.06 (0.09)  51.60(0.23): 49.48 (0.25): 0.99
1.73°C 3.65°C 1.73°C 3.65°C
8smin 0.119(0.003) 0.148 (0.008): 0.093 (0.010): 3.31 0.226 (0.009) 0.329(0.026): 0.148 (0.023): 18.43%**
(molm=2s7") 4.95°C 1.06°C 1.73°C 6.32°C
ATieas (°C) 3.76(0.25) 6.02(0.55): 2.59(0.63): 2.52 —1.31(0.20) 0.06 (0.10: —3.27 (0.54): 30.08%**
1.06°C 6.32°C 3.65°C 1.06°C
Wpd (MPa) —0.37(0.02) —0.26(0.01): —0.58 (0.05): 0.13 —0.38(0.01)  —0.30(0.01): —0.46 (0.02): 1.98
4.35°C 2.80°C 4.35°C 1.06°C
Wmin (MPa) -1.86(0.03) —1.75(0.05): —2.01(0.09): 0.07 -1.92(0.03) —1.85(0.10): —2.12(0.06): 0.05
5.78°C 3.65°C 4.95°C 2.80°C
Prp (MPa) —-2.55(0.02) —2.45(0.02): —2.64(0.03): 0.77 -259(0.02) —2.50(0.02): —2.70(0.02): 9.10%
4.35°C 5.78°C 4.35°C 1.73°C
¥, (MPa) —0.69(0.03) —0.50(0.09): —0.90 (0.06): 0.03 —0.60(0.03) —0.43(0.07): —0.76 (0.07): 1.01
3.65°C 5.78°C 2.80°C 1.73°C

Numbers in parentheses represent + SE of the means. Numbers in italics represent the transfer distance of the source population (See Table 1). ‘High" and
‘Low’ population means indicate the population that expressed the highest and lowest mean values, respectively, for a given trait. F statistics shown in bold
represent significant relationships (P <0.05) between the parameter and transfer distance. *, P <0.05; *** P <0.0001.

—2.64MPa (£0.02 SE) in May and August, respectively
(Fig. 5).

Discussion

Overall findings

Results from this investigation yielded two overarching findings.
First, despite having a higher leaf thermal tolerance relative to
most species, Populus fremontii trees along the hyper-arid lower
Colorado River still face a limited, and in some locations, a
potentially disappearing thermal safety margin (Fig. 3), without
significant leaf cooling in midsummer. Second, under well-
watered conditions, P. fremontii genotypes from the warmest
edge of its distribution maintain cooler leaves during the
warmest periods of the year as a consequence of expressing a
higher midday leaf conductance relative to genotypes from more
temperate locations (Fig. 4). Coupled with achieving a relatively
high drought tolerance, reflected in leaves having a lower Wrip
(Fig. 5), warm-adapted genotypes may be able to withstand
some of the most extreme heat waves predicted for the lower
Colorado River corridor as long as P. fremontii roots remain
connected to the water table. However, declining river flows
that have fallen dramatically below historic levels due to over-
allocation of river water and over two decades of drought could
lower water tables along the lower Colorado River. Even a par-
tial decoupling of P. fremontii roots during extreme heat wave
events could result in leaf temperatures rising above thermal
thresholds that in turn, could trigger widespread P. fremontii
mortality events (e.g. Fig. 1) in a region where P. fremontii gal-
lery forests provide a critical thermal refuge for threatened plant
and animal taxa.

© 2023 The Authors
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Leaf thermal tolerance

Leaf thermal tolerance at the common garden increased from
May to August as canopies were exposed to temperatures that
exceeded 45°C in early summer. Previous research has shown
that 77 can be exceptionally plastic with increases being
reported in common wheat of over 2°C from sunrise to solar
noon during a single day (Posch ez al., 2022). Large temporal var-
iations in leaf thermal tolerance are likely related to rapid accli-
mation to heat exposure caused by the induction of heat shock
proteins, the accumulation of antioxidant enzymes, and/or
changes in cell membrane function and chemistry (Seemann
et al., 1986; Knight & Ackerly, 2003; Hiive ez al., 2006, 2011;
Khan & Shashwar, 2020). Exposure to heat stress can trigger the
rapid expression of genes that up-regulate heat shock protein
induction in ways that are ubiquitous across organisms (Khan &
Shashwar, 2020). Therefore, potential rapid acclimation in leaf
thermal tolerance may explain why 7_;, not only increased from
May to August, but why there was no clear relationship between
7% and transfer distance since all genotypes in the common gar-
den were exposed to the same level of heat stress.

Interestingly, leaf thermal tolerance of leaves collected at the
field locations was also not correlated with the mean annual daily
maximum temperature (counter to Hypothesis 1). Instead, mean
population 7 values were at or above 50.84°C, putting
P. fremontii among the most thermally tolerant tree species mea-
sured to date — regardless of location of source population — com-
pared with other woody taxa and locations (O’Sullivan
et al., 2017). One plausible explanation for the higher-than-
expected thermal tolerance based on transfer distance would be
that all of the source sites experienced unusually high growing
season temperatures in 2022 before when the leaves were
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analyzed. However, maximum air temperatures before leaf collec-
tions ranged by 9.50°C, from 37.22°C to 46.72°C, indicating
that strong contrasts in heat exposure were present among sites.
One previous study also found no relationship between leaf 77,
in wheat and latitude of origin (Posch ez al., 2022).

Despite achieving a relatively high leaf thermal tolerance, air
temperatures along the lower Colorado River may be exceeding
the thermal limits of leaf metabolism in P. fremontii trees. For
example, the population with the lowest transfer distance, occur-
ring along the lower Bill Williams River at its confluence with
the Colorado River, has experienced summer air temperatures
that have often exceeded 50°C, over the last decade, including
reaching a high of 51.72°C in 2017. This stand has also experi-
enced extensive recent mortality of over 85% over the last decade,
likely as a consequence of lowering water tables and heat waves
(Whitham er al., 2020; Cooper et al, 2022). The maximum
summer temperatures at this location have exceeded the thermal
limits of P. fremontii trees, based on mean T, measured from
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6 7_1 2 represent the population means and small
grey symbols represent values from
individual genotypes.

this site (Fig. 3). If we assume that expected regional increases in
summer temperatures reflect average increases in maximum
growing season temperatures, then it is plausible that heat waves
could exceed measured 7, by over 5°C by the end of the cen-
tury along the lower Bill Williams River. Although caution
should be used when trying to predict the intensity of future heat
waves from down-scaled climate models (Tapiador ez al., 2020),
data indicate that the thermal limits of leaf metabolism may be
far exceeded in many P. fremontii stands along the already hyper-
arid lower Colorado River corridor without sufficient water for
transpirational cooling.

Leaf thermal regulation and hydraulic safety

In the present study, all of the populations in the common gar-
den had leaf afternoon temperatures that were above air tempera-
ture in May, but switched in August with leaf temperatures that
fell below air temperatures, even though air temperatures were
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Fig. 5 Relationship between leaf turgor loss point and population transfer
distance measured in May (a) and August 2021 (b) on Populus fremontii
genotypes measured at an experimental common garden near Yuma, AZ,
USA. Panel (c) shows the relationship between leaf turgor loss point and
population transfer distance measured on leaves collected in July 2022
from the population source locations in Arizona. Large orange symbols
represent the population means and small grey symbols represent values
from individual genotypes.

¢. 3°C warmer in August, and vapor pressure deficits were similar
between months. This seasonal megathermy to homeothermy
behavior was especially prevalent in populations with the smallest
transfer distances (Fig. 4) that had the most similar climate con-
ditions as the common garden. In particular, the population with
the lowest transfer distance (i.e. from the Bill Williams River)
where mean leaf temperatures relative to air temperature dropped
by 10°C from May to August. Seasonal decreases in leaf tempera-
ture corresponded with increases in afternoon stomatal conduc-
tance from May to August that were again most prevalent in
populations with the lowest transfer distance. Seasonal increases
in g corroborates sap-flux-scaled stomatal conductance data
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collected on P. fremontii genotypes from another common garden
study. In the previous study, whole-canopy stomatal conductance
progressively increased in the warm-adapted genotypes through-
out the growing season in response to warmer air temperatures
(Blasini ez al., 2022). Taken together, results suggest that tran-
spirational leaf cooling is an important adaptive strategy
expressed by warm-adapted P. fremontii genotypes in response to
thermal stress.

In warm environments, leaf homeothermy (i.e. transpirational
cooling of Tj.,r below T;;) should not only cool leaves below a
lethal threshold, but should also maximize growth and fitness by
maintaining net photosynthetic rates near its thermal optimum
(Mahon & Upchurch, 1988; Michaletz ez al., 2016; Blonder &
Michaletz., 2018). However, the extent that homeothermy beha-
vior occurs across species and biomes remains an open question
(Drake ez al., 2020; Yi et al., 2020; Still ez al., 2022). Presumably,
homeothermy behavior is limited to plants that are well watered,
but even in well-watered environments, species and genotypes
may exhibit a wide range of leaf thermal regulatory strategies
depending on plant hydraulic trait expression, stomatal behavior
and leaf morphology (Leigh er al, 2017; Fauset er al., 2018;
Aparecido ez al., 2020; Blasini ez al., 2022). In the present study,
all of the genotypes were well watered, demonstrated by the high
W4 values in both May and August. Yet, differences in mean
Zmin emerged among populations in ways that likely under-
pinned cooler leaf temperatures in midsummer, and presumably
improved leaf carbon balance over populations having a lower
Zmin and higher leaf temperatures. The higher growth rates
detected in the warmest-adapted genotypes (Fig. S1) were likely a
reflection of their capacity to maintain a higher g;, and cooler
daytime leaf temperatures, coupled with previous studies showing
that these populations also leaf out earlier and set bud later in the
year relative to genotypes from cooler locations (Cooper
et al., 2019, 2022; Blasini ez al., 2021).

If all things are equal, maintaining a higher leaf-level gnin
comes with the trade-off of either operating with a lower W ;,,,
maintaining a higher Huber value (sapwood to leaf area ratio;
Tyree & Ewers, 1991), or both. In the present study, no relation-
ship was detected between transfer distance and W,,;,, but in
August mean Y¥,;, among all genotypes were —1.92 MPa
(Table 2), or just below the previously reported threshold that
induces hydraulic failure, inferred from measurements of xylem
cavitation (Li er al., 2008; Choat ez al., 2012). However, popula-
tion mean Wryp measured in the common garden ranged from
—2.45 MPa to —2.70 MPa, indicating that all of the genotypes
maintained a relatively robust hydraulic safety margin regardless
of gmin levels. Likewise, W11 p measured at the host field locations
was below —2.80 MPa in the two warmest populations. The rela-
tively low mean Wrip values, and the negative correlation with
MAMT, indicate that genotypes from the hyper-arid Colorado
River corridor can operate with lower midday water potentials
relative to other populations (Fig. 5¢), or other Populus spp in
which Wrip has been reported for Cheung ez 4l (1975),
Pezeschki & Hinckley (1988), Braatne ez al. (1992).

Alternatively, because gmi, did not correspond with lower
Woin in August, it is plausible that warm-adapted genotypes,
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instead operated with a higher Huber value, relative to genotypes
from cooler areas. A similar common garden study on
P. fremontii showed that differences in sap-flux-scaled canopy
conductance were driven by warm-adapted genotypes maintain-
ing a 36% higher sapwood area to leaf area ratio throughout the
growing season (Blasini et 4/, 2022). Homeostasis in leaf water
relations can be achieved via adjustment in Huber values (Carter
& White, 2009; Gotsch et al., 2010). However, a reduced leaf
area to sapwood area ratio is likely to reduce the whole-plant
leaf area ratio (i.e. ratio between total leaf area and total plant
biomass; Poorter & Remkes, 1990) in ways that could signifi-
cantly reduce relative growth rates and fitness (Dijkstra &
Lambers, 1986; Cornelissen ez al, 1996). Nevertheless, such
adjustment may be necessary for P. fremontii genotypes to main-
tain midsummer leaf temperatures below lethal thermal thresh-
olds along the lower Colorado River given current and projected
climate conditions.

Ecological implications

Results from this study show that P. fremontii is remarkably well
adapted to the extreme aridity that persists in the lower Colorado
River Basin in terms of leaf thermal tolerance, stomatal regulation
and leaf hydraulic function. Yet, recent widespread mortality has
occurred along the warm edge of P.fremontii’s distribution
(Whitham et al, 2020; Cooper et al., 2022) in response to
marked decreases in soil moisture and increases in evaporative
demand (Cayan ez al, 2013; Garfin et al., 2013). Over the last
two decades, the lower Colorado River corridor as a whole has
seen a substantial reduction in vegetation greenness, in part due
to increased aridity and drought (Nagler ez 4/, 2021). Although
P. fremontii can achieve leaf thermal tolerances that are well above
most tree taxa, its continued persistence in the lower Colorado
River Basin may depend on maintaining groundwater resources
and temperature regimes near historic means. Otherwise,
P. fremontii forests that are of great conservation value because of
the critical habitat they provide for diverse biotic communities
will continue to be in decline where <3% of its historic riparian
forest extent remains (Noss et al., 1995).
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Dataset S1 Watershed of source population, elevation of source
population, transfer distance of source population, genotype
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code, and measured traits of Populus fremontii genotypes at a
common garden near Yuma, AZ, USA, in May 2021.

Dataset S2 Watershed of source population, elevation of source
population, transfer distance of source population, genotype
code, and measured traits of Populus fremontii genotypes at a
common garden near Yuma, AZ, USA, in May 2021.

Dataset 83 Watershed of source population, elevation of source
population, transfer distance of source population, genotype
code, and measured traits of Populus fremontii leaves collected
from mature trees in July 2022 at source site locations.

Fig. S1 Diameter at root crown and tree height in relation to
transfer distance measured in May 2021, on Populus fremontii
genotypes at an experimental common garden near Yuma,

AZ, USA.

Fig. §2 Example of the temperature-F, response curve yielded
from the Closed Photon Systems Instruments, FC-800-C Fluor-
Cam fluorescence imager coupled to a TR2000 thermoregulator
(n=45 Populus fremontii leaves).

Fig. S3 Weather conditions at the experimental common gar-
den near Yuma, AZ, USA, from 3 May 2021 to 21 August
2021,

including maximum, minimum and mean daily
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temperatures, and maximum, minimum and mean daily vapor
pressure deficit.

Fig. S4 Comparison of 7 values measured on sunlit Populus
[fremontii leaves in July 2022 at source population locations with
T values reported in 177 species from O’Sullivan ez 2/ (29)
spanning a 25 plus °C range in mean maximum temperatures of
the warmest month.

Fig. S5 Relationship between maximum leaf temperature sub-
tracted from air temperature (A 7}, and minimum daytime sto-
matal conductance (gumin) of Populus fremontii genotypes at an
experimental common garden near Yuma, AZ, USA.

Fig. S6 Predawn (¥,q) and minimum daytime (V) leaf water
potentials in relation to transfer distance in Populus fremontii gen-
otypes at an experimental common garden near Yuma, AZ, USA.

Table S1 Description of site locations including site elevation,
and transfer distance from the common garden in Yuma,

AZ, USA.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
New Phytologist Central Office.
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