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Abstract

Dryland riparian woodlands are considered to be locally buffered from droughts by
shallow and stable groundwater levels. However, climate change is causing more
frequent and severe drought events, accompanied by warmer temperatures, col-
lectively threatening the persistence of these groundwater dependent ecosystems
through a combination of increasing evaporative demand and decreasing ground-
water supply. We conducted a dendro-isotopic analysis of radial growth and sea-
sonal (semi-annual) carbon isotope discrimination (A13C) to investigate the response
of riparian cottonwood stands to the unprecedented California-wide drought from
2012 to 2019, along the largest remaining free-flowing river in Southern California.
Our goals were to identify principal drivers and indicators of drought stress for
dryland riparian woodlands, determine their thresholds of tolerance to hydrocli-
matic stressors, and ultimately assess their vulnerability to climate change. Riparian
trees were highly responsive to drought conditions along the river, exhibiting sup-
pressed growth and strong stomatal closure (inferred from reduced AC) dur-
ing peak drought years. However, patterns of radial growth and ASC were quite
variable among sites that differed in climatic conditions and rate of groundwater
decline. We show that the rate of groundwater decline, as opposed to climate fac-
tors, was the primary driver of site differences in drought stress, and trees showed
greater sensitivity to temperature at sites subjected to faster groundwater decline.
Across sites, higher correlation between radial growth and A'®C for individual
trees, and higher inter-correlation of ASC among trees were indicative of greater
drought stress. Trees showed a threshold of tolerance to groundwater decline at
0.5 myear™ beyond which drought stress became increasingly evident and severe.
For sites that exceeded this threshold, peak physiological stress occurred when
total groundwater recession exceeded ~3 m. These findings indicate that drought-
induced groundwater decline associated with more extreme droughts is a primary
threat to dryland riparian woodlands and increases their susceptibility to projected

warmer temperatures.
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1 | INTRODUCTION

Most riparian trees in water-limited regions are obligate phreato-
phytes that rely on consistent root access to groundwater, allowing
them to tolerate intermittent precipitation and high vapor pressure
deficits (Hultine et al., 2020; Rood et al., 2003; Stella, Rodriguez-
Gonzalez, et al., 2013). Strong surface and groundwater connectivity
are capable of buffering dryland riparian ecosystems from adverse
climate effects (Quichimbo et al., 2020). However, increased human
water use combined with global trends toward hotter and drier
conditions contribute to groundwater declines that can push these
groundwater dependent ecosystems past a threshold of resilience
and toward collapse (Sabathier et al., 2021; Shafroth et al., 2000;
Stella & Bendix, 2019). California's unprecedented 2012-2019
drought, which coincided with unusually high temperatures, pro-
vides an opportunity to evaluate this threat, as riparian woodlands
in Southern California exhibited a range of responses including re-
duced tree growth, canopy dieback, and in some areas whole stand
mortality (Kibler et al., 2021; Rohde et al., 2021). In this context,
dendroecological methods can be used to evaluate tree responses
to drought, providing insight into the vulnerability of dryland ripar-
ian woodlands to climate change (Schook et al., 2020; Stella, Riddle,
et al., 2013; Stromberg & Patten, 1996).

Riparian ecosystems throughout North America have been dras-
tically diminished by land conversion, flow regulation, channelization,
disease, and other interacting stressors (Krueper, 1993; NRC, 2002;
Stella & Bendix, 2019). The loss of woodlands dominated by cotton-
woods and other poplars (Populus spp.) is of special concern, as these
widespread, early-succession species are a fundamental component
of dryland riparian systems in western North America (Patten, 1998;
Stromberg, 1993; Williams & Cooper, 2005). Human alterations to
hydrologic regimes in the form of flow regulation, surface water di-
version, and groundwater extraction have contributed to observed
declines of cottonwood populations in the western U.S. over the
past several decades (Lytle & Merritt, 2004; Rood et al., 2003; Rood
& Mahoney, 1990), with these effects being more pronounced in
dryland regions (Perry et al., 2012; Rohde et al., 2021).

Phreatophytes such as cottonwoods are assumed to rely on
groundwater and the capillary fringe that links the groundwater table
to soil moisture, making them vulnerable to water table decline (Amlin
& Rood, 2003; Horton et al., 2001; Shafroth et al., 2000; Stromberg
& Patten, 1996). At the same time, cottonwoods and other native
riparian pioneer tree species are adapted to the fluctuating surface
and groundwater regimes that characterize free-flowing rivers (Lite &
Stromberg, 2005; Snyder & Williams, 2000). However, most trees in
this genus remain highly susceptible to canopy die back and hydrau-
lic failure when their high water requirements are not met (Lytle &
Merritt, 2004; Rood et al., 2000; Stella et al., 2010). Branch sacrifice,

leaf shedding, and stomatal regulation are all strategies used by cot-
tonwoods to reduce evaporative water loss and maintain xylem water
potentials above a critical threshold (Rood et al., 2000, 2003). Given
the dominance of cottonwoods in western dryland riparian systems,
it is critical to understand how multi-year droughts and associated
groundwater table decline affect their overall performance, includ-
ing growth, physiology, and survival. Furthermore, it is important to
investigate the influence of hotter temperatures during drought peri-
ods, since the co-occurrence of water table decline and warmer atmo-
sphere compounds vegetation stress (Adams et al., 2009; Rennenberg
etal., 2006; Zhou et al., 2020), and both are projected to increase with
climate change (Schwalm et al., 2017; Szejner et al., 2020).

The influence of drought and hotter temperatures on riparian
tree performance can be evaluated in terms of population resistance
and resilience. In an ecological context, resistance is the ability of
populations to maintain consistent ecological performance during
stress events (Hoover et al., 2014), whereas resilience is a measure
of performance recovery from stressors to pre-disturbance lev-
els (Gunderson, 2000). Evaluating the extent to which populations
are able to withstand hotter and drier conditions without changes
in performance, and their ability to ‘bounce back’ from discrete ex-
treme weather events is of principal importance to predicting sys-
tem responses to global climate change.

Because riparian tree growth is limited by hydroclimatic factors,
annual radial growth can be used as a measure of system perfor-
mance and response to environmental stressors. For example, in ri-
parian and floodplain systems, radial growth of poplars responds to
drought stress resulting from changes in water table depth, precipita-
tion, and streamflow because of the limitations that stomatal closure,
leaf shedding, and branch sacrifice impose on carbon assimilation
(Andersen, 2016; Cailleret et al., 2017; Stromberg & Patten, 1996).
Heat stress is another, and in some cases co-occurring, mechanism
that limits photosynthesis and leads to reduced growth (Rennenberg
et al., 2006). However, environmental stressors do not always re-
duce growth, as studies have observed plants to use stored carbon
(McCarroll et al., 2017) or reallocate resources from other plant
processes to maintain growth rates when water is limiting (Ogaya
& Pefiuelas, 2007), which can obscure interpretations of growth re-
sponses to drought. Furthermore, riparian tree growth can be perma-
nently limited due to crown die-back (Andersen, 2016; Stella, Riddle,
et al., 2013), and also influenced by biotic factors including competi-
tion, disease, and pest infestations (Cailleret et al., 2017), which can
further complicate interpretations of climate response.

While biotic influences on radial growth can be minimized
through careful tree selection (i.e., dominant trees without signs
of pest or pathogen infestation), the use of tree-ring stable carbon
isotopes provides a more direct measure of physiological response
to external drivers and a more precise indicator of drought stress
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than radial growth alone (Friedman et al., 2019; Keen et al., 2021,
Leffler & Evans, 1999; Schook et al., 2020). Carbon isotope discrim-
ination (A*3C) in tree-rings can provide a retrospective measure of
leaf gas exchange, integrated at the canopy level, due to its inher-
ent relationship with the ratio of leaf internal CO, concentration (C)
to atmospheric CO, concentration, and the preferential uptake of
12¢ over 13C during photosynthesis (Cernusak et al., 2013; Farquhar
et al., 1989; Francey & Farquhar, 1982). Stomatal closure reduces
C, and therefore the pool of carbon available for photosynthesis,
inducing the RUBISCO enzyme to assimilate a greater proportion
of 3¢ during photosynthesis than under free-air conditions, and
consequently reducing values of A'3C in tree cellulose (Cernusak
et al., 2013). Therefore, under favorable light conditions, reduced
AYC in water-limited environments is often a signal of stomatal
closure due to drought stress (Andersen, 2016; Hultine et al., 2010;
Rood et al., 2013; Schook et al., 2020). Temperature also influences
AC, such that under water-limited conditions, trees close stomata
in response to warmer conditions to prevent water loss (McAdam &
Brodribb, 2015). Because of the lagged relationship between stoma-
tal closure and resulting photosynthesis limitation, the relationships
of growth and AYC with climate may vary over time.

In this study, we used dendroecological methods to analyze the
response of riparian phreatophytes to California's unprecedented
2012-2019 drought along a gradient of sites that varied in impact
severity. Our study system is the Santa Clara River (SCR), the last
free-flowing river in Southern California whose lower reach flows
through a heavily agricultural region, where severe drought has
impacted riparian trees and upland grasslands (Kibler et al., 2021;
Warter et al., 2021). Indeed, remote sensing analyses demonstrated
that riparian woodlands along the SCR were highly sensitive to water
table declines observed during the drought (Kibler et al., 2021).
Here we investigate the physiologic responses of cottonwoods to
drought-induced water table decline and elevated temperatures
in the SCR using a combination of annual radial growth and semi-
annual samples of stable carbon isotopes. Specifically, we asked: (1)
What were the principal drivers and indicators of drought stress for
cottonwoods, and (2) how did these drought effects and their recov-
ery vary temporally and spatially? Our results provide insights into
the resistance and resilience of dryland riparian woodlands to recent
trends and forecasted increasing temperatures and precipitation
deficits (Bradford et al., 2020), which are expected to result in higher
frequency of multiyear soil moisture droughts (Warter et al., 2021).
Drivers and indicators of drought stress identified here are applica-

ble to phreatophytes in dryland riparian systems around the globe.

2 | METHODS

2.1 | Site and species descriptions

The SCR originates in the San Gabriel Mountains and flows 187 km
to its confluence at the Pacific Ocean near Ventura, CA (Figure 1)
(Orr et al., 2011). The SCR drains a catchment of 4204km? with a
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water vyield of >0.124km?, making it the largest river in Southern
California that maintains relatively natural hydrology, while support-
ing numerous rare plant communities and 38 special-status species
(Birosik, 2006; Orr et al., 2011; Parker et al., 2014). While there is ex-
tensive human land use within the river corridor (Downs et al., 2013),
with approximately 33% of the lower SCR floodplain designated as
agriculture and an additional 26% as developed, the remaining 41%
of the basin is classified as natural riparian communities, composed
of woodland and scrub habitat, wetlands, unvegetated riverbed, and
open water (Orr et al., 2011). Groundwater extraction for agricul-
ture within the SCR floodplain likely contributes to local water table
decline, but concentrated return flow in the form of irrigation run-
off may serve to support some forest stands along the river (Downs
et al., 2013; Kibler et al., 2021). Similarly, effluent from the Valencia
wastewater treatment plant in the eastern (upper) basin appears to
support a shallow groundwater table in nearby downstream reaches
(i.e., Newhall Ranch site, Figure 1).

The SCR region is characterized by a Mediterranean climate with
precipitation occurring almost exclusively in cool winter months,
followed by hot and dry summers (Beller et al., 2011). Streamflow
in the SCR is flashy with high interannual variability, and more than
half of the annual river discharge occurs over 3-6days per year in
response to discrete precipitation events (Beller et al., 2016; Downs
et al., 2013). Mean annual precipitation varies throughout the water-
shed, decreasing from 860 mm at the northwesternmost mountain-
ous headwaters to <200mm at low elevations in the easternmost
extent of the catchment (Downs et al., 2013).

Much of the SCR streambed is composed of permeable,
sandy-gravel substrate, which allows surface water to infiltrate to
groundwater by focused recharge and leads to dry surface condi-
tions and intermittent flow along much of the river (Birosik, 2006).
However, there are some reaches with consistent surface flow due
to bedrock constrictions that push groundwater toward the sur-
face, and isolated riparian forest stands are generally restricted to
these areas (Beller et al., 2016). Vegetation along the SCR com-
prises a mix of native willow-cottonwood forest, riparian scrub,
and invasive forbs and grasses, including giant reed (Arundo donax).
Cottonwoods are a dominant component of the tree community,
with black cottonwood (Populus balsamifera ssp. trichocarpa, here-
after P. trichocarpa) found closer to the coast, where conditions
are cooler and wetter, and Fremont cottonwood (Populus fremontii)
more commonly found in hotter and drier conditions further inland
(Figure 1; Orr et al., 2011).

From 2012 to 2019, California experienced its most extreme
drought on record (Robeson, 2015), which coincided with the hot-
test 3-year period (2012-2014) for the region in the last century
(Luo et al., 2017; Mann & Gleick, 2015). The interaction of drought
and high temperatures resulted in severe soil moisture depletion
(Warter et al., 2021) and water table decline during the peak hy-
drological drought period from 2013 to 2016 (Thomas et al., 2017,
Xiao et al., 2017), when the study area was considered to be in se-
vere, extreme, or exceptional drought conditions (U.S. Drought
Monitor, 2021).
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FIGURE 1 Site locations within the lower Santa Clara River: 1. Hanson, 2. South Mountain road, 3. Hedrick Ranch Lower, 4. Hedrick
Ranch Upper, 5. Taylor, 6. Fillmore Cienega, and 7. Newhall Ranch. Grey arrows show distribution regions of Populus trichocarpa and P.

fremontii, as well as area of species overlap. Sources: Terrain map from Esri world Terrain Base (ArcGIS 10.8), floodplain boundaries from
Stillwater Sciences (2019), watershed boundary from the National Hydrography Dataset (NHDH_CA) downloaded via the National map.

TABLE 1 Site and sampling information for sampling sites along the lower Santa Clara River, California. For Newhall Ranch, the sampling
area was distributed among two locations within the larger site (see Figure 51.2)

Site Elevation Number Chronology Sampling
Site code Latitude Longitude (m) of trees length (years) area (ha) Species
Hanson HAN 34.31 -119.10 55.3 18 24 2.13 P. trichocarpa
South Mountain Road SMR 34.39 -119.05 76.4 10 23 3.61 P. trichocarpa
Hedrick Ranch Lower HRL 34.36 -119.01 87.7 19 25 2.77 P. trichocarpa
Hedrick Ranch Upper HRU 34.36 -119.01 88.6 22 25 4.21 P. trichocarpa
Taylor TAY 34.36 -118.99 95.5 15 47 4.99 P. trichocarpa
Fillmore Cienega FLC 34.39 -118.88 148.3 8 23 4.25 P. fremontii
Newhall Ranch NHR 34.43 -118.62 299.0 22 33 5.34 P. fremontii
Abbreviation: P., Populus.
2.2 | Data collection imagery). At each site, the largest living cottonwood trees (P. fremon-

Tree cores were collected in July 2019 from seven sites spread across
the length of the lower SCR (Figure 1; Table 1). Sites were selected to
represent the range of local climate (i.e., increasing aridity with dis-
tance from coast) and drought impact severity (estimated from aerial

tii and P. trichocarpa) in dominant or co-dominant canopy positions
and without signs of pest or pathogen infestation were selected for
coring. Within each site, all increment cores were collected from the
same species, and each tree was cored with 5.15 and 12-mm Hagloff
increment borers yielding at least two cores per tree. Cores were
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collected from as close to the ground as possible to provide a full
age record, and on opposite sides of the tree to capture geometric
heterogeneity (Speer, 2010). The number of suitable trees varied at

each site, ranging from 9 to 22 trees, for a total of 114 trees sampled.

2.3 | Radial growth analysis

Cores were dried, glued to wooden mounts, and sanded with pro-
gressively finer grit paper up to a final grit of 20 microns. Ring widths
were measured using a stereomicroscope and digital tree-ring en-
coder (Velmex Inc.). Measurements were visualized using Tellervo
computer software (Tellervo.org, Tucson, Arizona) and quality
checked as described in the Supplementary Information S2.

Raw ring-width measurements were detrended using the dpIR
package in R to remove low-frequency age and non-climatic effects,
yielding annual ring-width indices (RWI) (Bunn, 2010). Two differ-
ent sets of RWI were calculated. For regional analyses of climate re-
sponse, raw ring-width measurements for each tree were detrended
individually using Friedman's Super Smoother (FSS) splines and
averaged across all trees (Friedman, 1984). For comparing growth
among sites, Regional Curve Standardization (RCS) detrending was
applied with a 15-year spline fit to mean ring-width values arranged
by cambial age, and detrended series were averaged across all trees
at each site. Unlike detrending methods which fit separate detrend-
ing curves to each ring-width series, RCS detrending calculates devi-
ations from a single reference curve which allows for comparison of

growth patterns among sites (Helama et al., 2017).

2.4 | Isotope analysis

A subset of six trees from each site (n = 42) with clearly delineated
rings and high correlation to site chronologies was selected for car-
bon stable isotope analyses. The 10 most recent annual rings were
used because they spanned the range of the recent drought peri-
ods from pre-drought (2010-2011), to peak drought (2013-2016),
through to drought recovery (2017-2019). Because some deciduous
trees use previous year photosynthates for earlywood production
(Kagawa et al., 2006a, 2006b), which may obscure current year cli-
mate response, we separated annual rings into earlywood and late-
wood (Supplementary Information S2), yielding a total of 20 samples
per tree for isotopic analysis.

All woody material from excised rings was ground using a Wiley
mini cutting mill (Thomas Scientific) to pass through an 80-mesh
sieve. Samples were heat-sealed in F57 polyethylene fiber filter
bags (ANKOM Technology) and placed in an ultrasonic bath for the
cellulose extraction process, following the methods of Leavitt and
Danzer (1993). Pure alpha cellulose samples were dissolved in deion-
ized water and homogenized using an ultrasonic probe before being
freeze dried for 72 h. Samples were then weighed into tin capsules
using a microbalance and analyzed at the Center for Stable Isotope
Biogeochemistry (CSIB) at University of California Berkeley.

ST i v L

Carbon isotope ratios were measured using a continuous flow
mass spectrometer with long-term external precision of +0.10%o

and reported in 5'3C notation:

613(: = (Rsample/Rstandard - 1) x 1000, (1)

where R is the molar ratio of *3C/*2C, with R

cellulose and R, .4 indicating the Vienna Pee Dee Belemite (VPDB)

sample indicating tree-ring
standard. In addition to CSIB lab standards, two local standards were
included in each 96-well tray comprising homogenized cottonwood
bulk wood from replicate tree cores collected for the study and the
pure alpha cellulose extracted from it. Standard error values were
0.03%o for both bulk wood and pure alpha cellulose (Table S3). To ac-
count for changes in atmospheric 13CO2 over the 10-year study period,
5'°C measurements were converted to carbon isotope discrimination
(A¥3C) using the equation of Farquhar et al. (1989):

ABC = (Slgcatmosphere - 613Cplant) / (1 - 513Cplant / 1000) ()

with smoothed 613C‘,ﬂtmosphere data obtained from the Scripps CO, sta-
tion in La Jolla, CA (Keeling et al., 2001).

2.5 | Climate and groundwater data

Daily climate data, including precipitation (PPT), maximum tempera-
ture (T

max

trieved from PRISM Climate Group (Oregon State University), which

), and maximum vapor pressure deficit (VPD were re-

max)
was filtered to 4-km grid spatial resolution as described in Daly
et al. (2008). Trees at most sites were located within a single PRISM
pixel, with the exception of Newhall Ranch for which trees were spread
across two neighboring pixels, over which climate data were averaged.
Monthly values of the Palmer Drought Severity Index (PDSI) were re-
trieved from the WestWide Drought Tracker website for the same
pixels as PRISM data (Abatzoglou et al., 2017; Palmer, 1965). PDSI is
a commonly used drought index that is calculated using temperature
and precipitation data from PRISM while estimating soil moisture
based on a two-tiered soil moisture balance model that incorporates
meteorological conditions from previous months (Palmer, 1965). For
comparison of PDSI among sites, self-calibrated PDSI (SC-PDSI) was
used as it accounts for differences in climate regime among pixels.
Groundwater elevation data were obtained from the California
Department of Water Resources' California Statewide Groundwater
Elevation Monitoring online portal (CDWR SGMA Data Viewer, 2020)
and used to calculate depth to groundwater (DTG). For each of our
coring sites, groundwater level data from the closest representative
shallow well (<16 m DTG) were chosen for use in time series and
climate correlations, consistent with recommended best practice
(TNC, 2019). Distance from wells to tree locations varied from 0.4
to 2.8 km, with five of seven sites having all trees located within
1.5 km of their corresponding well. DTG data were corrected for
differences in ground-level elevation between tree and well location

(Supplementary Information S1).
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2.6 | Data analysis

Statistical analyses were carried out using R version 3.6.2 (R Core
Team 1.2.5042). Ring-width measurements and isotope data used
in analyses are publicly available (Williams, 2022). Standard den-
drochronological summary statistics were calculated using the dpIR
package (Bunn, 2010). Post-hoc Tukey honest significant difference
tests were used to determine differences in climate data and isotope
values among sites.

To evaluate the common response of cottonwood trees to cli-
mate drivers within the lower SCR region, measurements of A**C
and RWI were combined across all sites. The relationships be-
tween climate and tree response-variables (RWI and AC) were
evaluated using Pearson product-moment correlations. Regionally
averaged growth was calculated from 2000 to 2018 by taking
the annual mean of FSS RWI for all trees that were measured
(n = 114). The year 2019 was excluded from RWI analyses because
rings were not fully formed at the time of collection. For tree-ring
A'BC, annual values from 2010 to 2019 were averaged over all
trees with isotope measurements (n = 42), with earlywood and
latewood fractions analyzed separately. Climate and groundwater
data were averaged across sites over the same years as response
variables. The months of each year that climate and groundwater
data were averaged (or summed for PPT) were selected based on
highest correlation values and informed by cottonwood phenol-
ogy (months in which trees have leaf cover, which we considered
the growing season). Since rain is largely absent during the grow-
ing season in this climate, correlations were also calculated be-
tween response variables and winter (previous October-current
March) PPT.

Carbon isotope residual values were calculated as departures
from baseline (pre-drought) conditions, which we define as the mean
of the 2010-2011 values for each site. This approach quantifies
the response of individual trees to local (i.e., site-specific) drought
conditions. The A'C residual values were calculated by subtract-
ing mean baseline A'®C values of each site from annual AC values
of each tree. Therefore, positive A'3C residual values represent in-
creased *3C discrimination relative to baseline conditions. For trees
under high-light conditions in this water-limited system, increased
13¢ discrimination suggests greater stomatal conductance, usually
associated with negligible water limitation. Conversely, negative
AYC residuals represent decreased °C discrimination and sug-
gest reduced stomatal conductance, which is commonly induced by
drought stress in this biome.

Theinterannual trend in groundwater level, subsequently referred
to as “groundwater trend,” was calculated for each site by applying
Sen's slope over median annual values of DTG from 2011 to 2016
(Sen, 1968). This time period was chosen because it spans the interval
from the onset of water table decline to the deepest groundwater
level experienced. We used this groundwater trend as a measure of
drought stress severity to compare response variables among sites. A
steeper groundwater trend signifies greater water table decline and
is assumed to represent more severe drought stress.

3 | RESULTS

3.1 | Lower SCR regional climate response

Tree-ring patterns across all sites showed a reduction in annual
values of A'®C and RWI from 2011 to 2016, consistent with a
drought stress response (Figure 2). This trend coincided with the
onset of hotter and drier climate patterns as drought conditions
worsened in the region and became most extreme from 2013 to
2016 (Supplementary Information S4). In particular, 2013 expe-
rienced the lowest precipitation, 2014 the lowest PDSI (Figure 2),
and 2016 the greatest DTG. The lowest mean growth occurred in
2014 (Figure 2b), while A'3C continued to decline until it reached
a low point in 2015 latewood (Figure 2c). The recovery of growth
and A™C to pre-drought conditions was variable but followed the
climatic trend of increasing wetness after 2016. Growth rebounded
quickly and was significantly greater than baseline levels by 2017
(paired t-test, t,;s =-3.26, p =.001), but A™3C (mean of earlywood
and latewood) did not return to baseline levels until 2019 (paired
t-test, t,, =0.093, p =.926). The strong sensitivity of RWI and AC
to drought conditions indicates that cottonwoods in the region have
limited resistance to drought stress, while the recovery of both re-
sponse variables to pre-drought conditions shows strong resilience
for sampled (surviving) individuals.

Leaf gas exchange, as represented by A®C, was responsive
to nearly all environmental drivers, while tree growth (RWI) was
most highly correlated with variables related to available soil
moisture (Table 2). Values of A®C showed the strongest cor-
(r=-.90 and -.85), VPD__ (r=-.83 and -.92),
and DTG (r =-.94 and -.90) for earlywood and latewood, respec-

relations with T,

max max

tively. Correlations between RWI and most climate variables were
weaker compared with A*C, but strong correlations with PDSI
(r=.53), DTG (r =-.62), and winter PPT (r =.76) suggest access to
root-zone moisture was the greatest constraint on riparian tree
productivity. Both RWI and A'®C were weakly correlated with
current-year growing season PPT, but showed moderately strong
correlations with winter PPT, which could be due to the influence
that winter rain has on soil moisture storage and groundwater re-
charge. Correlations between A'C and current-year hydroclimatic
variables were similar between earlywood and latewood, indicat-
ing a limited carry-over effect of previous year photosynthates on
earlywood ring formation.

3.2 | Hydroclimatic patterns and stress drivers

Along the SCR, there was a pronounced aridity gradient across sites,
with a nearly 1.5 kPa increase in average VPD,_, from the most
coastal to most inland site over the study period (Figure 3a). During
the study period (2010-2019), VPD,_,, and T _, at sites furthest
from the coast, Fillmore Cienega (2.46kPa, 26.51°C) and Newhall
Ranch (3.10 kPa, 28.70°C), were significantly higher than all other
sites, and VPD,_, was significantly lower at the most coastal site,
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FIGURE 2 (a) Monthly averaged Palmer Drought Severity Index (PDSI, red line) and total monthly precipitation in mm (PPT, blue bars) at
the Fillmore Cienega site, which is centrally located within the study area of the lower Santa Clara River, California. (b) Regional chronology
of ring-width indices (RWI) averaged across trees from all sites. Rings were not fully formed at time of collection in 2019, therefore asterisk
denotes the underestimation of true ring width for that year. (c) Regional chronologies of earlywood AC (green) and latewood ABC
(orange) averaged across trees from all sites. Bars display +1 SE. Grey shading denotes the peak hydrological drought period (2013-2016).

Hanson (1.70kPa, 24.33°C) (Figure 3a). In contrast, SC-PDSI and
PPT showed little difference across the coastal to inland gradi-
ent and were similar among sites (ANOVA: SC-PDSI, Fgs3 =0.149,
p =.989; PPT, F6,63 =0.179, p =.982). In some cases, there was a pat-
tern among sites of decreasing A'°C residuals moving away from the
coast (i.e., from South Mountain Road to Fillmore Cienega), as would
be expected with hotter and drier conditions (Figure 3c). However,
the most inland site (Newhall Ranch) exhibited the least change in

ASC over the drought period, and the most coastal site (Hanson)
showed lower AC residuals than many sites further inland
(Figure 3c). Instead of a coastal-to-inland climate gradient driving
drought-related variability in A*3C, it appears that site differences in
DTG had a stronger influence on the trajectory of leaf gas exchange
(Figure 3a-c). This is further supported by DTG showing the highest
regional correlations with A3C of all environmental variables inves-
tigated (Table 2).
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TABLE 2 Pearson coefficients reported for correlation between response variables (A**C and ring-width indices (RWI)) and climatic

and hydrologic variables for trees along the lower Santa Clara River, California. Climatic, hydrologic, and response variables were averaged
across sites to calculate regional means. Annual values for climatic and hydrologic variables were averaged (summed for precipitation) over
the time period noted in the “months” column. Water-year winter precipitation values were summed from October of the previous year to

March of the current year.

Response variable Months PDSI PPT (mm)
A™3C (earlywood) Feb-Jun 0.81*** 0.48
A3C (latewood) Mar-Sep 0.89*** 0.33
RWI (whole wood) Mar-Sep 0.53** 0.09

Abbreviations: DTG, depth to groundwater; PDSI, Palmer Drought Severity Index; PPT, precipitation; T

vapor pressure deficit.
Significance codes: p<.1 (*), p<.05 (**), p<.01 (***).

3.3 | Groundwater decline as a stress driver and
A'3C range as a stress indicator

DTG showed a seasonal pattern of water availability, increasing (deep-
ening) throughout the growing season and decreasing (shallowing)
with precipitation-driven recharge in the winter (Figure 4a). Tree-ring
AC showed a similar seasonal pattern during peak drought years with
greater discrimination in earlywood values relative to latewood at most
sites (Figure 4b, Figures S5.1 and S5.2). At an interannual timescale,
DTG increased significantly (i.e., groundwater declined) across the
years 2011-2016 at all sites (p <.001, Figure 4a). The A*®C response
over this time varied by site, but for sites subjected to a rate of ground-
water decline >0.5 myear'l, the period of greatest stomatal closure
(lowest A*®C) occurred when the increase in DTG from baseline con-
ditions surpassed ~3 m (Figure 4a,b; Supplementary Information S5).
Across sites, the magnitude of annual shifts in leaf gas exchange, as
indicated by A*®C, mirrored the rate of groundwater decline. There was
a strong positive relationship between groundwater trend (myear™?) and
range of annual AC values among trees within each site (Figure 4c).
Trees at the site with steepest groundwater trend, Fillmore Cienega, had
a significantly greater range of A*C than any other site (Fé'35 =14.82,
p <.001; Tukey, p <.016). This demonstrates that the magnitude of
change in A'®C was proportional to local drought stress induced by
groundwater decline. Another indication of drought stress was the stron-
ger intercorrelation of AC values among trees within a site. Trees at
Fillmore Cienega showed very high intercorrelation of A*3C values (i.e.,
mean correlation coefficient among trees: Rbar = 0.89), whereas sites
with shallower groundwater (e.g., Newhall Ranch) showed less coordi-
nated responses among trees (Rbar = 0.22, Figure 4d,e). These results in-
dicate that the rate of groundwater decline was a major driver of drought
stress and that greater departure of ASC from baseline values (i.e., A*C
range), as well as increased correlation of ABC among trees (A*®C Rbar)
are robust indicators of drought stress for dryland riparian woodlands.

3.4 | Multi-response indicators of drought stress

To provide insight into the joint expression of drought stress
responses among tree-ring proxies, we investigated whether

Winter (Prev.

T.ax (°C) VPD, .. (kPa) DTG (m) Oct-Mar) PPT (mm)
-0.90*** -0.83*** -0.94*** 0.57*

-0.85*** -0.92*** -0.90*** 0.77***

-0.28 -0.35 -0.62* 0.76***

maximum temperature; VPD maximum

max’ max’

correlations between A™C and RWI differed along a gradient of
drought stress as represented by the local rate of groundwater de-
cline (groundwater trend). The correlation between RWI and A*C
was linearly related to groundwater trend, with stronger posi-
tive correlations at sites that were subjected to greater drought
stress (Figure 5). This relationship existed for both earlywood and
latewood, but was slightly stronger for latewood, suggesting that
drought stress increased over the growing season (Figure 5). In ad-
dition, the number of trees with positive correlations and signifi-
cantly positive correlations between A*3C and RWI was greater at
sites with a steeper groundwater trend. At South Mountain Road
and Fillmore Cienega, the sites with the steepest groundwater
trends, trees consistently showed positive correlations between
AC and RWI. In contrast, the sites with the most stable ground-
water levels, Newhall Ranch and Hedrick Ranch Upper, had a much
greater spread of correlation values across trees, including some
with negative correlations. These results show that drought stress
induced simultaneous declines in growth and stomatal conduct-
ance at the sites with the greatest decline in DTG, whereas these
response variables were largely uncoupled at sites with sufficient
groundwater availability.

Drought stress also appeared to have a strong influence on
how temperature affected stomatal conductance, as the correla-
tion between A'®C and T,..x Was greater for sites with a steeper
groundwater trend. This same pattern was evident for A¥C cor-
relations with VPD_ .,
somewhat weaker (Supplemental Information Sé). Trees at sites

though the strength of the relationship was

with more stable groundwater generally showed poor correlations
between A¥®C and T

max

(Figure 6), which suggests that trees with
sufficient groundwater access had minimal stomatal response to
heat. This point is exemplified by trees at Newhall Ranch, which
experienced minimal groundwater decline, and were character-
ized by a weak correlation between A™C and T, despite being
located at the hottest site. In contrast, trees at sites with steeply
negative groundwater trends had strong negative correlations
between AC and T

maxe €VenN at cooler sites (Figure 6). Together,

this information indicates a differential stomatal response to tem-
perature and evaporative demand depending on tree access to
groundwater.
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FIGURE 3 Boxplots of mean annual values from 2010 to 2019 for: (a) growing season (March-September) maximum vapor pressure
deficit, (b) depth to groundwater (DTG) over all observations (with vertical axis inverted to depict increasing DTG), and (c) annual latewood
A'3C residuals for all trees at each site along the lower Santa Clara River, California. Horizontal dotted line denotes baseline A'3C. Sites are
ordered from left to right by increasing distance from coast to highlight spatial patterns with respect to the aridity gradient. Letters denote
similar values determined by post-hoc Tukey tests.
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FIGURE 4 (a) All depth to groundwater (DTG) observations for each site along the lower Santa Clara River, California. The horizontal line
represents the land surface, and the vertical axis is inverted to depict increasing DTG. (b) Complete time series of site mean ASC residuals
for earlywood and latewood combined as seasonal series (i.e., two values per year) for each site. The horizontal line depicts baseline A*C.
(c) Scatterplot of A*®C range (max A'®C-Min A*3C) values from 2010 to 2019 for each tree (small points) and the average of these values for
each site (large points). The horizontal axis is the interannual groundwater trend calculated for each site by applying Sen's slope to median
annual DTG values from 2011 to 2016. The trendline was calculated with values from all trees (small points) and displayed with standard
error of the slope (shaded area) along with r-squared value and significance value of slope. (d) Complete time series of A**C residuals for
individual trees at Newhall ranch, the site with the shallowest groundwater decline. (€) Same as previous panel but for Fillmore Cienega, the
site with the steepest groundwater decline. Grey shading in plots denotes the peak hydrological drought period (2013-2016).

4 | DISCUSSION

Although riparian woodlands in dryland regions are gener-
ally considered to be buffered against drought stress compared
with surrounding ecosystems outside the floodplain (Quichimbo
et al., 2020), our study found that even deeply-rooted ripar-
ian trees have minimal resistance to multi-year water table de-
clines. Our observations of cottonwood growth and functional
responses are supported by remote sensing observations of Kibler
et al. (2021) within the same region and time period, who showed
that Green Vegetation Fraction of the mixed riparian woodland
community was highly responsive to groundwater fluctuation. We
found that drought stress response was more strongly related to
DTG than to climatic variables (Table 2, Figure 3), and that trees
showed an even clearer response to the rate of groundwater de-
cline compared with absolute DTG (Figure 4a,b). These findings

suggest that trees are acclimated to a range of site-specific water
regimes but become increasingly stressed when subjected to
faster rates of groundwater decline. Notably, there was an ap-
parent general threshold response in growth and function for the
SCR woodlands when groundwater decline exceeded 0.5 myear™t.
Furthermore, for sites that experienced such groundwater de-
cline, the time of greatest drought stress (lowest site-mean
A'3C) occurred when groundwater recession exceeded ~3 m
(Supplementary Information S5). We found that drought stress in-
creased susceptibility to climatic stressors, as canopy-integrated
stomatal conductance, inferred from A*3C, was more responsive
to temperature at sites subjected to a steeper groundwater trend.
Overall, trees at sites with shallow groundwater were largely
resistant to meteorological drought conditions even under sig-
nificantly hotter temperatures. During the drought recovery pe-

riod (2017-2019), trees showed strong resilience and vigorously
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FIGURE 5 Scatterplot of correlation coefficients between annual values of A¥C and ring-width indices as a function of groundwater
(GW) trend for earlywood (panel a), and latewood (panel b) at sites along the lower Santa Clara River, California. GW trend was calculated
for each site by applying Sen's slope to median annual values of depth to groundwater from 2011 to 2016. Points are colored by site.
Small points depict correlation coefficients of individual trees. Large points are site averages of correlation coefficients. Trendlines for the
regression relationship across all trees (n = 42) are displayed with standard error shaded regions and r-squared values above. Dotted line
depicts the threshold above which all points show a significant correlation between AC and RWI (p <.05).

resumed growth and leaf gas exchange (A*3C) to baseline levels,
even at sites that experienced the greatest rates of groundwater

decline during the peak of the drought (Figure 2a,b).

4.1 | Lower SCR regional response patterns

The significant correlations of regionally averaged ASC to both
climatic and hydrologic drivers indicate a combined influence of
stressors on leaf gas exchange, whereas growth was mostly cor-
related with drivers related to accessible root-zone moisture (e.g.,
PDSI, DTG, and winter PPT) and weakly related to current-year
climate variables (Table 2). PDSI is a measure of low-frequency
variationin dryness that has shown high correlation with deep (0.9-
1.0 m) soil moisture content (Wang et al., 2015), and DTG directly
controls water availability within the rooting zone. Hence, these

variables are representative of accessible root-zone moisture,
and both are strongly influenced by winter PPT in this system via
soil moisture storage and groundwater recharge (Birosik, 2006).
Although PDSI and DTG are influenced by climate, weak corre-
lations between RWI and current-year climate variables suggest
tree growth in the region responds most strongly to accessible
moisture rather than to atmospheric climate variables directly.
This observation is consistent with other riparian studies that
have found tree growth to be more directly influenced by local
hydrology compared with climate (Antunes et al., 2018; Sabathier
et al., 2021; Sargeant & Singer, 2021; Schook et al., 2020; Singer
et al., 2014; Valor et al., 2020). However, it is possible that other
influences, such as increased nutrient availability and release from
competition following drought-induced mortality events, obscured
climate-growth comparisons and could be partly responsible for
the enhanced growth during the drought recovery period (Gessler
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FIGURE 6 Scatterplot of correlation coefficients between annual values of AC and T...x as a function of groundwater (GW) trend for
earlywood (panel a), and latewood (panel b) at sites along the lower Santa Clara River, California. GW trend was calculated for each site by
applying Sen's slope to median annual values of depth to groundwater from 2011 to 2016. For comparison with earlywood ABC, T was

? T max

averaged from February to June of each year, and for comparison with latewood AC, T...x Was averaged from march to September. Points
are colored by site. Small points depict correlation coefficients of individual trees. Large points are site averages of correlation coefficients.
Trendlines for the regression relationship across all trees (n = 42) are displayed with standard error shaded regions and r-squared values

above. Dotted line depicts the threshold below which all points show a significant correlation between A*®C and T

et al.,, 2017; Kane et al,, 2011; Ovenden et al., 2021). Similar to
growth, A'SC was strongly correlated with DTG, PDSI, and winter
PPT, suggesting that changes in root-zone water availability had a
substantial influence on stomatal regulation and consequently on
carbon assimilation. However, A*®C was also strongly correlated
with T__ and VPD
drying in response to groundwater decline, as well as evaporative

max INdicating that it was a combination of soil
demand, which induced stomatal closure at a regional scale.

The strong reduction in regionally averaged A¥C shows that
both cottonwood species reduced their stomatal conductance sub-
stantially in response to moisture deficits, despite suggestions from
prior studies that P. fremontii exhibits less stomatal control than P.
trichocarpa. Amlin and Rood (2003) found balsam poplars reduced
their stomatal conductance by >65% in response to in situ dewater-
ing while exhibiting minimal reduction in leaf xylem water potential.

max (P <.05).

In contrast, P. fremontii has been shown to exhibit more anisohydric
behavior (consistently high stomatal conductance) with sufficient
access to groundwater, which could be a mechanism for evapora-
tive cooling in warmer climates (Hultine et al., 2020). However,
the precipitous reduction in A*3C for P. fremontii trees at Fillmore
Cienega (~3-6%o; Figure 4e), where groundwater declined sharply
during the drought, was stronger than that of any site containing
P. trichocarpa (Figure 4b), indicating that P. fremontii also regulated
xylem water potential through stomatal closure when soil moisture
was low. Our observation of strong stomatal closure of cottonwoods
in response to water limitation highlights the possibility of accumu-
lating carbon deficit in response to multi-year droughts, which could
increase susceptibility to pest and pathogen infestations and water
transport failure, consequently increasing the likelihood of mortality
(McDowell, 2011; Sala et al., 2010).
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4.2 |
drought

Spatial variation in tree-ring responses to

We expected variability in tree growth (RWI) and leaf gas exchange
(A3C) to closely correspond to climatic variation across sites, exem-
plified by the near 1.5kPa increase in VPD - from coastal to inland
sampling locations. With abundant water, cottonwoods have been
shown to increase transpiration in response to higher VPD, which
helps mitigate temperature stress through evaporative cooling
(Gazal et al., 2006; Hultine et al., 2020). However, under drought
stress, increases in VPD are likely to induce stomatal closure to pre-
vent water loss and cavitation (McAdam & Brodribb, 2015), which
leads to a negative relationship between VPD and A'®C.

While some trends in A*C among sites mirrored the increasing
VPD, .. with distance from the coast, there were notable excep-
tions to the expected pattern (Figure 3a,c). In particular, trees at the
most inland site with the highest T__ and VPD Newhall Ranch,
exhibited surprisingly small changes in A3C over the course of the

max?

drought (Figure 4b). One explanation for this ambiguous relationship
could be that the aridity gradient was less pronounced during the
study period. In most years, there is a large difference in precipi-
tation from the coast to more inland parts of the river, but this was
muted during the drought because of the pronounced absence of
rain across the region. However, this explanation seems unlikely to
produce the observed patterns given the significant differences in
temperature and humidity along this gradient that persisted during
the drought despite similarities in precipitation.

A more likely explanation for the spatial variation observed in
A3C is that site-based differences in DTG, which was poorly cor-
related with distance from coast (r =-.175, p =.71), influenced tree
response more than T or VPD__ alone. This contrast is apparent
in the site comparisons of VPD,_ . and DTG with A¥C (Figure 3).
The low correlation between DTG and distance from the coast sug-
gests that local heterogeneity in subsurface conditions and other
site-based factors (e.g., supplemental water recharge) exerted a
greater control on groundwater levels than did climate conditions.
Supplemental water recharge is especially likely at Newhall Ranch,
which is located directly downstream from the Valencia wastewa-
ter treatment plant (Figure 1). In this context, it seems logical that
stomatal conductance (as represented by A3C) of trees at Newhall
Ranch was largely resistant to changes in atmospheric conditions
(Figure 6), as the relatively consistent water table depth at this site

likely ensured tree water requirements were met.

4.3 | Rate of groundwater decline as a primary
stress driver

While site differences in A¥C values mirror DTG more than mete-
orological variables (Figure 3), the rate of groundwater table decline,
rather than absolute DTG, appears to be a more precise driver of
physiological response (Figure 4). This may be best exemplified by
the magnitude of change in AC for trees at each site, as shown by

ST v L

AC range; this metric was positively related to the rate of ground-
water decline (Figure 4c). The stronger relationship between A'SC
and groundwater trend rather than absolute DTG suggests that
trees were acclimated to local DTG, which likely determined their
rooting structure and distribution during early establishment. This
observation is consistent with Shafroth et al. (2000), who found the
rate of groundwater decline determined cottonwood sapling sur-
vival more than absolute water table depth, which they attributed to
the influence of groundwater history on rooting structure. Similarly,
Rood et al. (2011) found cottonwood root structure to be highly vari-
able and strongly influenced by local climate and hydrologic condi-
tions. Furthermore, for trees with dimorphic rooting systems (both
shallow lateral roots and deep taproots), such as cottonwoods, the
relative investment in lateral versus taproots appears to strongly
influence their ability to acclimate to changes in DTG (Dawson &
Pate, 1996; Sargeant & Singer, 2016). In this context, it seems that
differences in rooting structure among sites prior to the drought
may have obscured relationships between absolute DTG and A*®C to
some extent. However, trees at all sites had a similarly proportional
functional response to the rate of groundwater decline, regardless
of the local DTG prior to the drought. Consequently, the severity
of drought stress experienced among sites was determined primar-
ily by the rate of groundwater change from the local pre-drought
baseline.

Sites that were subjected to rates of groundwater decline
<0.5 myear™, such as Hedrick Ranch Upper and Newhall Ranch,
were mostly resistant to meteorological drought conditions.
Groundwater decline at these sites was similar to that experienced
by Populus spp. in response to aggregate mining on Coal Creek,
CO (Scott et al., 1999). In that study, the authors found that stem
growth, live crown volume, and survival of trees subjected to 0.47 m
mining-induced water table decline over 2years were similar to
unmined reference reaches. Our results were generally consistent
with their observation of minimal tree stress in response to grad-
ual groundwater decline. In our study, trees at Newhall Ranch and
Hedrick Ranch Upper were subjected to groundwater declines of
0.10 and 0.33myear }, respectively, leading to absolute groundwa-
ter depths of 1.98 and 2.57 m (Figure 4a). Trees at both sites showed
high survival (Kibler et al., 2021) and lowest departures of AYSC from
pre-drought baseline conditions (Figure 4b). Importantly, the abso-
lute DTG at these sites remained within 2.6 m of the surface, which
is within the range of observed rooting depths for cottonwoods
(Braatne et al., 1996; Busch et al., 1992; Fan et al., 2017; Stromberg
et al., 1996). Thus, the observed rates of groundwater decline and
absolute DTG experienced at these sites did not exceed tree toler-
ance thresholds or appreciably impair their function.

At sites in this study characterized by groundwater decline
>0.5 myear?, there appeared to be a threshold of tolerance for
absolute increase in DTG from baseline conditions ~3 m, beyond
which groundwater decline coincided with peak physiological
stress, as shown by the timing in minimum A'C values (Figure 4a,b;
Supplementary Information S5). Remote sensing time series of the
SCR corridor revealed that areas such as Fillmore Cienega that were
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subjected to the most severe groundwater decline experienced ex-
tensive mortality and shifted to a novel ecosystem state as shown by
a lack of stand-level recovery despite strong groundwater recharge
during the drought recovery period (Kibler et al., 2021).

4.4 | Multi-response indicators of drought stress

With increased drought stress, we found an increased correla-
tion between radial growth (RWI) and tree-ring A3C, as has been
observed in other studies (Sarris et al., 2013; Schook et al., 2020;
Urrutia-Jalabert et al., 2015; Voelker et al., 2014). Schook et al. (2020)
compared the correlation of basal area increment (i.e., growth) and
513C for cottonwoods before and after a stream diversion event and
found that although there was limited correlation between the two
before diversion, they became significantly correlated afterward.
Similarly, Sarris et al. (2013) found declining A'®C to be closely re-
lated to reductions in growth for pine as drought stress increased
on a Mediterranean island. Both authors attributed this pattern to
stomatal closure in response to drought stress, which led to enriched
13C and reduced growth. These findings support our own observa-
tions that the correlation between A¥C and growth was strongly
influenced by the rate of groundwater decline (Figure 5), and sup-
port the interpretation that increased correlation of these proxies is
an indication of drought stress.

There was a clear increase in correlation between A**C and T ax
at sites subjected to a steeper groundwater trend (Figure 6), and a

similar pattern for VPD__ (Supplementary Information Sé), indicat-

max
ing that evaporative conditions had a greater influence on stomatal
closure for trees growing at sites where water supply was increas-
ingly limited by a declining water table. Other studies have similarly
found cottonwood vigor and survival to be differentially affected by
temperature based on plant water status. Based on model compar-
isons, Steinberg et al. (2020) found cottonwood species cover to be
more sensitive to changes in groundwater depth under warmer con-
ditions, while Zhou et al. (2020) showed that warmer temperatures
reduced cottonwood growth when trees were subjected to deeper
water tables. Sites subjected to the steepest rates of groundwater
decline showed consistently strong, negative correlations between
ABCand T,
the interaction of drought stress and heat induced stronger sto-

and strong reductions in growth, suggesting that

matal closure and associated reductions in photosynthetic capac-
ity. These findings are consistent with observations of increased
drought stress with higher temperatures (Allen et al., 2015; Stella &
Bendix, 2019; Teskey et al., 2015) and greater groundwater depen-
dency of phreatophytes in more arid climates (Hultine et al., 2020;
Rood et al., 2003).

In contrast to highly stressed sites, trees at sites subjected to less
groundwater decline (e.g., Newhall Ranch and Hedrick Ranch Upper)
showed weaker correlations between T and ABC (Figure 6). This
relationship suggests that for trees with adequate access to ground-
water, evaporative demand caused little stomatal closure and heat
stress was likely minimal. In fact, some trees at Newhall Ranch

and AC,

which could signify an increase in stomatal conductance in response

showed moderate positive correlations between T
to heat. This inference is consistent with reports of P. fremontii
maintaining high stomatal conductance in hot and arid climates as a
method of canopy thermal regulation (Hultine et al., 2020). An alter-
native interpretation of the positive correlations between T and
ASC at these sites would suggest that as temperature increased,
heat stress caused a reduction in photosynthesis (and growth) that
reduced carbon demand and the depletion of C, consequently allow-
ing for higher A¥C. In this case, a decrease in growth (RWI) would
result in an increase in A¥C, causing these response variables to be
negatively correlated. However, at sites where groundwater decline
was <0.5 myear™, all trees that had moderate positive correlations
between AC and T ax
between A'®C and RWI (r >.15). It therefore seems unlikely that
positive correlations between A**C and T...x at sites with minimal

(r >.2) also exhibited positive correlations

groundwater decline were caused by a reduction in photosynthesis.

Together, the comparison of stomatal responses to heat at
stressed versus non-stressed sites shows that trees with adequate
access to groundwater were likely to prioritize canopy cooling, while
those subjected to more drastic groundwater decline were forced
to close their stomata to prevent water loss, despite the greater risk
of heat stress. These responses can be broadly categorized into re-
sistant versus resilient coping mechanisms. Under favorable water
status, trees demonstrate their resistance to heat stress by raising
stomatal conductance, but when water is limiting, they take on a re-
silient strategy by closing their stomata until favorable groundwater

conditions allow for recovery.

5 | CONCLUSIONS

Our results demonstrate that despite their favorable location within
river corridors, riparian woodlands in dryland regions are highly
susceptible to drought-induced water stress as a result of ground-
water decline, and that under these conditions trees become more
sensitive to hotter and drier climate conditions. It appears these
groundwater-dependent ecosystems will be increasingly threat-
ened with progressive climate change (Huang et al., 2017; Jaeger
et al., 2014; Perry et al., 2012) because of the synergistic ef-
fects of hotter and drier conditions (Schwalm et al., 2017; Szejner
et al., 2020). Our results indicate that rates of groundwater decline
greater than 0.5 myear™ induce drought stress in riparian trees and
groundwater recession greater than ~3 m poses a significant threat
of large stand mortality events. However, our results also suggest
that some phreatophytes may be resistant to hotter temperatures
with constant access to groundwater, which during times of drought
is likely to be restricted to local areas of perched water tables or
augmented groundwater recharge (Rohde et al., 2021; Stella, Riddle,
et al,, 2013). Unfortunately, surface water regimes in many dry-
land areas most affected by groundwater declines are also chang-
ing as a result of streamflow diversion, climate change, or both
(Chiloane et al., 2021; Patten, 1998; Rohde et al., 2021; Stromberg



WILLIAMS ET AL.

& Patten, 1996). Because altered surface water regimes often im-
pair riparian tree recruitment and other life-history processes (Rood
et al., 2003; Stella, Rodriguez-Gonzalez, et al., 2013), regeneration
of riparian woodlands decimated by drought-induced groundwater
decline will likely be less frequent, thus imperiling the long-term per-
sistence of these important ecosystems.
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