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A B S T R A C T   

Rapidly colonizing species often thrive in a wide-range of conditions due to a high degree of phenotypic plasticity 
that results in populations of “general purpose” genotypes. Alternatively, species with high genetic variation 
could rapidly respond to forces of selection such that a local population evolves traits that provide an advantage 
in its local environment. We tested this generalist versus local adaptation paradigm in a widely distributed, 
recently introduced riparian tree / shrub, Tamarix spp. Using an eighty-day, mid-summer common garden 
drought experiment, we tested three inter-related hypotheses: 1) stomatal sensitivity to soil water depletion is 
lower in genotypes from a low-elevation, ephemerally flowing river than genotypes from a low-elevation, 
perennially flowing river, indicative of local adaptation to hydrological conditions, 2) stomatal sensitivity to 
soil water depletion is lower in genotypes from high-elevations with regular freeze-thaw exposure than geno-
types sourced from locations with no freeze-thaw exposure, indicative of local adaptation to temperature con-
ditions, and 3) differences among genotypes in drought sensitivity are correlated with differences in fine root 
area to leaf area ratios (Ar:Al). For the most part, results did not support hypothesis 1, but largely supported 
hypotheses 2 and 3. Specifically, sap-flux scaled canopy transpiration (El) declined 14 days earlier in the low- 
elevation populations after drought initiation compared to El of the highest elevation population with the 
highest freeze-thaw exposure. Root area to leaf area ratios of the two low-elevation populations were also only 
42% and 55% of Ar:Al in the highest elevation population. Results indicate that the high degree of reported 
Tamarix hybridization since its introduction to North America has largely produced a swarm of “generalist” 
genotypes in terms of drought sensitivity. Nevertheless, rapid changes in ecohydrologic conditions may result in 
some Tamarix populations becoming maladapted sooner to reductions in available water than others in the 
western US.   

1. Introduction 

Biological invasions are widely recognized as one of the most 
pressing issues in global change ecology. Yet the evolutionary factors 
that allow introduced species to successfully establish into new ecosys-
tems and become widespread is not well understood. It is often assumed 
that rapidly colonizing species that thrive in a wide-range of environ-
mental conditions do so through a high degree of phenotypic or devel-
opmental plasticity. A species comprised of highly plastic “general 

purpose genotypes” (Baker, 1965) may be able to flourish in widely 
divergent ecosystems, perhaps explaining the success of many invasive 
plant species (Parker et al., 2003). Alternatively, the rapid expansion of 
introduced species across broad environmental gradients may be facil-
itated by rapid local adaptation (Parker et al., 2003; Kawecki and Ebert, 
2004). Specifically, species with populations that possess high genetic 
variation could rapidly respond to forces of selection such that a local 
population evolves traits that provide an advantage under its local 
environment (Thompson, 1998; Kawecki and Ebert, 2004). Factors that 

* Corresponding Author: phone: 1.480.481.8195 
E-mail address: khultine@dbg.org (K.R. Hultine).  

Contents lists available at ScienceDirect 

Agricultural and Forest Meteorology 

journal homepage: www.elsevier.com/locate/agrformet 

https://doi.org/10.1016/j.agrformet.2021.108342 
Received 26 May 2020; Received in revised form 19 November 2020; Accepted 21 January 2021   

mailto:khultine@dbg.org
www.sciencedirect.com/science/journal/01681923
https://www.elsevier.com/locate/agrformet
https://doi.org/10.1016/j.agrformet.2021.108342
https://doi.org/10.1016/j.agrformet.2021.108342
https://doi.org/10.1016/j.agrformet.2021.108342
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2021.108342&domain=pdf


Agricultural and Forest Meteorology 301–302 (2021) 108342

2

could promote rapid adaptation to local environments - aside from a 
high genetic diversity - include a high degree of outcrossing and the 
occurrence of several independent introduction events (Parker et al., 
2003). However, rapid adaptation could also be suppressed by genetic 
drift (Kawecki and Ebert 2004), clonal reproduction or hybridization 
(Baker, 1965; 1995). 

Tamarix is one of the most successful invasive woody plants in North 
America, with a range from southwestern Canada to northern Mexico. It 
was brought to North America through multiple introductions starting in 
the mid 19th century for its horticultural value as well as for erosion and 
wind control (Long et al., 2017), and neither the genus nor the family, 
Tamaricaceae, is native to the Western Hemisphere (Horton, 1977). In 
its native locations, distinct separation in geographical range distribu-
tion and morphology has allowed for simple identification of Tamarix 
species that were ultimately introduced to North America (Gaskin, 
2003). The two most widely distributed species in North America, 
T. ramosissima Ledeb. and T. chinensis, Lour. are generally considered a 
single aggregate species (Allred, 2002), reflecting molecular analysis 
revealing that as much as 85% of Tamarix found naturalized in the 
United States are a mosaic of hybrids between T. ramossissima and 
T. chinensis (Gaskin and Kazmer, 2009), hereto referred as Tamarix. 

An important feature of Tamarix is that it occurs over extremely 
broad climate gradients that are punctuated by occasional spring 
freezing events following leaf flush at high latitude / elevation locations 
to temperatures that often exceed 45◦C during mid-summer in the lower 
deserts of the southwestern US and northern Mexico. Its distribution is 
generally limited to wetlands and riparian floodplains, and a recent 
population genomics analysis suggests that there is a high degree of 
genetic connectivity within river networks (Lee et al., 2018). The high 
apparent gene flow (Lee et al., 2018) coupled with significant hybridi-
zation following introduction in North America (Gaskin and Schaal, 
2002) suggests that Tamarix populations are comprised primarily of 
highly plastic, general-purpose genotypes (Baker, 1965). However, 
studies using common gardens and glasshouse trials report some traits 
may be locally adapted across temperature gradients including foliage 
phenology (Friedman, et al., 2011; Long et al., 2017), cold hardiness 
(Friedman et al., 2008), biomass allocation (Sexton et al., 2002 2002; 
Williams et al., 2014), and leaf-level gas exchange (Long et al., 2017). 

The riparian habitats in which Tamarix thrives are undergoing dra-
matic shifts in ecohydrology and ecosystem processes. These shifts are 
largely caused by intensive land use activities coupled with climate 
change that are having profound impacts on the water cycle in the 
southwestern US and northern Mexico, and these impacts are antici-
pated to accelerate over the next several decades. Specifically, the 
combination of early snow melt and spring runoff (Mote et al., 2005, 
2018), higher atmospheric temperatures (Seager et al., 2007), and a 
higher frequency and intensity of episodic droughts (Seager and Vecchi, 
2010) are expected to reduce the discharge of water into streams, rivers 
and aquifers and thus reduce the availability of soil moisture to riparian 
vegetation. Whether changes in soil moisture impact the water budget of 
Tamarix equally across its climate niche in North America is an open 
question. If indeed extensive hybridization has led to a broad swarm of 
general-purpose genotypes across its range, then perhaps Tamarix pop-
ulations will express a general response to soil water deficits regardless 
of location. However, evidence for local adaptation in a wide range of 

functional traits suggests that soil water deficits will not have an equal 
impact on Tamarix water relations, growth and fitness across its range 
(Sexton et al., 2002; Williams et al., 2014; Hultine et al., 2020). 

The focus of this investigation was to experimentally tease apart 
whether there is a directional response in Tamarix genotypes to soil 
water deficits. We measured stem sap flux, sap flux-scaled canopy 
transpiration and stomatal conductance, xylem water potential, carbon 
isotope ratios in leaf soluble sugars and fine root area to leaf area ratios 
of mature Tamarix plants exposed to experimental drought in a common 
garden setting. The following hypotheses were tested: 1) Tamarix ge-
notypes sourced from a low-elevation, ephemerally flowing river reach 
are more tolerant to the effects of soil water depletion than genotypes 
sourced from a low elevation, perennially flowing, river reach, indi-
cating a high degree of local adaptation to soil water conditions, 2) 
Tamarix genotypes sourced from high-elevation locations with regular 
freeze-thaw events are more tolerant to the effects of soil water deple-
tion than genotypes sourced from low-elevation locations with no reg-
ular freeze thaw events, indicating a high degree of local adaptation to 
temperature conditions, and 3) differences among genotypes in drought 
sensitivity are correlated with differences in population-level fine-root 
area to leaf area ratios. The experimental design allowed us to separately 
evaluate potential adaptive (ephemeral versus perennial flowing rea-
ches) versus non-adaptive, correlative trait responses (freezing tolerance 
versus non-freezing tolerance) to soil water deficits. Results from this 
investigation provides a stronger understanding of how rapidly chang-
ing riparian ecohydrological conditions impact Tamarix water relations 
across large climatic gradients, and more broadly increases under-
standing of potential rapid evolution in recently introduced plant 
species. 

2. Materials and methods 

2.1. Common garden and collections from source populations 

The common garden was located at the University of Arizona Mesa 
Facility, in Yuma, AZ (lat. 32.615 ◦N, long. -114.636 ◦W, elev. 60 m) in 
the southwestern corner of Arizona in the Sonoran Desert. The site is a 
former agricultural field that was fallow for several years prior to use. 
The field was tilled and leveled prior to planting to facilitate even flood 
irrigation. Soils were classified by the soil conservation service as su-
perstition sand, and were comprised of approximately 90% sand, and 
5% clay. The climate is typically hot, with dry summers interrupted by 
rare monsoonal precipitation, and cool winters. Tamarix cuttings were 
collected from 16 source populations located throughout Arizona and 
southern Utah. Sites were selected across a broad altitudinal gradient 
(45 – 1791 m) that served as a proxy for both minimum cold tempera-
tures (range: -6.4 - 6.3◦C), and maximum hot temperatures (range; 32.4 - 
42.4◦C). 

Cuttings were collected from 16 individual genotypes in each of the 
16 populations in the fall of 2014. Cuttings were treated with root 
hormone, and grown in a vermiculite/perlite potting mix in 328 cm3 

pots at the Northern Arizona University greenhouse facility in Flagstaff, 
Arizona for four to five months. The potted individuals were trans-
planted in the common garden in Yuma in April of 2015. Populations 
were planted in a randomized block design, with each population being 

Table 1 
Mean elevation, coordinates, mean minimum temperature, mean maximum temperature, approximate number of freeze days per year following warm days absent of 
freezing, and river flow patterns at locations where Tamarix cuttings were sourced from and established in an experimental common garden near Yuma, Arizona.  

Source population Elevation (m) Latitude Longitude Min temp. (◦C) Max temp. (◦C) Freeze-thaw days River reach 

Common garden 58 32.615 -114.636 6.1 41.5 0.00 NA 
Colorado R. 48 32.823 -114.485 6.3 41.7 0.00 Perennial 
Gila R. 133 32.962 -113.305 4.1 41.7 0.06 Ephemeral 
Verde R. 942 34.573 -111.856 -1.9 38.0 8.22 Perennial 
Little Colorado R. 1643 34.648 -109.706 -6.4 33.3 34.33 Intermittent  
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represented once in a total of eight replicate blocks. For each population 
in each replicate block, a plot of 16 individuals were assigned a random 
location in a 4 × 4 plant arrangement with 2 m spacing between rooted 
plants. All of the blocks were regularly watered with flood irrigation on a 
weekly basis throughout the spring, summer and fall prior to the drought 
experiment implemented during the summer of 2016 (see below). By 
August of 2016, all of the trees were multi-stemmed and greater than 2 
m tall. 

Of the 16 original populations, four were chosen for intensive mea-
surement of drought responses based on contrasts in fluvial hydrology 
and PRISM-derived climate parameters (PRISM Climate Group 2015). 
These parameters included mean minimum and maximum temperatures 
and the number freeze-thaw days that can induce freeze-thaw xylem 
cavitation (Sperry and Sullivan, 1992) and canopy dieback. Two pop-
ulations were sourced from sites in the northern Sonoran Desert that are 
largely absent of freeze-thaw conditions during diurnal cycles (Table 1). 
One population occurred along the perennially flowing Colorado River 
near Yuma, AZ, (labeled Col) while the second population was sourced 
along the lower Gila River (labeled Gila) approximately 50 km west of 
the city of Gila Bend in central Arizona. The lower Gila River is generally 
dry year around with occasional episodic flow events that occur 
following unusually large precipitation events (usually in winter). The 
other two populations were sourced from river reaches on the Colorado 
Plateau (Table 1). One source population occurred along the perennially 
flowing Verde River (labeled Verde) near the city of Camp Verde in 
north central Arizona where it is exposed to seasonal freezing temper-
atures and, on average 8.22 freeze-thaw days per year. The second 
high-elevation population occurred along the Little Colorado River 
(labeled LC) approximately 40 km northwest of the town of St Johns., 
AZ. Following the end of snow-melt, this reach of the Little Colorado 
often ceases to flow in the late spring and resumes flowing with the onset 
of mid-summer monsoon thunderstorms. Genotypes at this 
high-elevation site are exposed to on average 34.33 freeze-thaw days per 
year (Table 1). 

2.2. Drought experiment, soil moisture and micrometeorology 

Following flood irrigation on August 1, 2016 (Julian day 214), irri-
gation was ceased for half of the common garden for the duration of the 
study. One 16-tree plot within the drought-treated half of the garden 
was randomly selected per population, and 10 of the 16 trees within 
each selected plot were randomly selected for intensive study of physi-
ological drought responses. Percent volumetric soil moisture (θ) was 
measured continuously at depths of 15 cm and 45 cm under three 
randomly selected canopies with CS616 Water Content Reflectometer 
Probes (Campbell Scientific, Logan, UT, USA). Photosynthetic active 
radiation, air temperature and humidity were measured continuously 
from a micrometeorological station located on site. Above-canopy 
photosynthetic active radiation (Q) was measured with an Apogee SQ- 
110-SS sun calibration quantum Sensor (Apogee Instruments, Logan, 
UT, USA). Temperature and humidity were measured with a shielded 
Vaisala HMP 60 AC temperature / humidity probe (Vaisala, Woburn, 
MA, USA) placed 3 m above the ground surface. Soil moisture and 
micrometeorology data were measured every 30 s and stored as 30 min 
averages from July 25 (day 207) to Oct 18 (day 292) with a Campbell 
CR10X-2M data logger (Campbell Scientific, Logan, UT, USA). Mea-
surements of temperature and humidity were used to calculate atmo-
spheric vapor pressure deficit (D). 

2.3. Xylem water potentials and δ13C from leaf soluble carbohydrates 

Xylem water potentials and carbon isotope ratios of leaf soluble 
sugars were measured to evaluate plant water status before and after 
implementation of the drought treatment. Xylem water potentials were 
measured with a Scholander-type pressure chamber (PMS Instruments, 
Corvalis, OR, USA) immediately following the final irrigation on August 

4 (day 217), and again on August 30 (day 243, 26 days since watering), 
September 26 (day 270, 63 days since watering) and October 18 (day 
292, 75 days since watering) to track variation in water status 
throughout the drought treatment. A single shoot tip from six of the 10 
trees per plot was cut with a sharp razor blade and measured at predawn 
(Ψpd) between 02:00 and 04:00 hours and at midday (Ψmd) between 
11:00 and 13:00 hours. After cutting, the shoot tips were immediately 
placed in a sealed ziplock bag with a moist paper towel and measure-
ments were taken approximately 1 to 10 minutes after excising from the 
tree. 

Carbon isotope ratios of soluble leaf carbohydrates (δ13C) were 
evaluated to infer leaf gas exchange (photosynthesis and stomatal 
conductance) variability over short time periods (24-72 hrs; Brugnoli 
et al., 1988; Brugnoli and Farquhar, 1998). 30-40 sunlit leaflets and 
associated photosynthetic stem tissues were were collected at 
mid-canopy height after dusk on July 23 (day 205), August 30 (day 
243), September 20 (day 264) and October 17 (day 291). These days 
were selected for leaf collections because they were cloudless, or in the 
case of day 264, nearly cloudless resulting in near identical levels of Q. 
The leaves were immediately immersed in liquid nitrogen after collec-
tion to inhibit all metabolic activity. The leaves were transported to the 
lab on dry ice and stored at -80◦C. 

Leaf soluble carbohydrates were extracted using methods previously 
reported by Brugnoli et al. (1988) and Hultine et al. (2013). Leaf soluble 
carbohydrates were extracted in distilled water, followed by a purifi-
cation procedure according to Brugnoli et al. (1988), and freeze-dried 
for approximately 72 hrs. In order to insure the repeatability of our 
extraction approach, we established an “in house” lab standard from 
Populus fremontii leaves that were homogenized and stored at -80◦C. A 
leaf standard sample was extracted along with each subset of Tamarix 
leaves and prepped for δ13C analysis. Carbon isotope ratios were 
determined using an elemental analyzer (Model NC2100, Carlo Erba, 
Milano, Italy) coupled with a Finnigan DELTA Plus Advantage ratio 
mass spectrometer (ThermoFisher Scientific, Watham, MA, USA) using a 
continuous flow inlet. The samples were analyzed at the Colorado 
Plateau Stable Isotope Laboratory at Northern Arizona University, and 
standardization was based on a broad range of isotope, elemental and 
secondary standards. 

2.4. Sap flux, canopy transpiration and stomatal conductance 

Ten trees from each population were instrumented with thermal 
dissipation sap flux probes (Granier, 1987), where the volumetric flow 
rate of water through the xylem is empirically related to the temperature 
difference between a heated and reference sensor probe pair according 
to: 

Js = a
(

ΔTm

ΔT
− 1

)b

(1)  

where Js is sap flux density (g m− 2 s− 1), ΔT is the temperature difference 
between the heated and reference sensors, ΔTm is the temperature dif-
ference between the heated and reference sensors measured under 
assumed zero-flow conditions during nighttime periods (Granier, 1987), 
and a and b equal 119 and 1.231 respectively. Each tree was instru-
mented with 1 cm length stainless steel probes installed at breast height, 
with axial separation of 15 cm, and where azimuth of sensor placement 
was randomized. Prior independent, controlled laboratory calibration 
experiments with Tamarix stem material and 1 cm length probe in-
stallations yielded slightly different values of 240 and 1.163 for the 
empirically derived coefficients a and b respectively compared to the 
original calibration according to Granier (Granier, 1987; Hultine et al., 
2010). As a result, the values derived from experiments by Hultine et al. 
(2010) were used to calculate sap flux density according to equation 1. 
Measurements were made continuously every 30 seconds throughout 
the measurement time period, and half-hour means were stored using a 
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CR1000X datalogger (Campbell Scientific, Logan UT, USA). Following 
the conclusion of the drought experiment, the entire branch of each sap 
flux installation was harvested for sapwood area measurements. In all 
cases, the 1 cm length sensors did not exceed active sapwood depth. 
Total branch water use was calculated by multiplying calculated sap flux 
density (g cm− 2 day− 1) by total conducting sapwood area (cm− 2) to 
yield daily branch water use (g day− 1). 

Canopy transpiration and stomatal conductance were calculated 
using sap flux density, total sapwood area and leaf area data. Total 
sapwood area (As) for each tree was obtained by collecting a stem cross- 
section sample at the point halfway between the heated and reference 
sensor probe placement. Each stem cross-section was imaged, and total 
sapwood area was calculated using Image J software (https://imagej.nih 
.gov/ij/). Total leaf area (Al) was harvested from each branch of all forty 
trees. A subset of leaf material from each population was used to 
calculate specific leaf area (SLA, leaf area/dry mass), where Image J 
software was also used to calculate total area of fresh leaf material for 
SLA calculations. Total leaf area for each tree was then calculated using 
the SLA for each population and the total dry weight of harvested leaf 
material for each tree. A reduction in leaf area was observed over the 
course of the drought experiment. In order to estimate the drought 
induced leaf area loss for each population, trees from the same source 
populations in the portion of the common garden that had continued to 
receive irrigation were destructively sampled at the time of destructive 
sampling of sap flux trees. Total leaf areas sampled from continuously 
irrigated trees were used to generate a population-specific allometric 
relationship between total leaf area and subtending cross-sectional stem 
area (Fig. A1). These allometries were applied to sap flux instrumented 
trees in order to estimate leaf area to sapwood area ratios at the 
beginning of the drought experiment, and estimate reductions in leaf 
area as a consequence of the drought treatment (Al:Alref). 

Canopy transpiration (g m− 2 day− 1) was obtained using the total 
sapwood area to leaf area ratio (As:Al) according to: 

El = Js
As

Al
(2)  

Where El is transpiration per unit leaf area, and canopy stomatal 
conductance was calculated based on a simplified approach suggested 
by Monteith and Unsworth (1990) and detailed in Ewers et al (2001) as: 

Gs =
[KG(T)El]

D
(3)  

Where GS (mm s− 1) is canopy stomatal conductance, KG is a temperature 
dependent conductance coefficient (115.8 + 0.4236T, kPa m− 3 kg− 1), 
and D is the atmospheric vapor pressure deficit (kPa). Given that the 
canopies of individual trees rarely overlapped, and the extremely low 
characteristic leaf dimension of Tamarix leaves, we assumed that at-
mospheric decoupling by tree canopies was negligible and subsequently 
boundary layer conductance was several fold higher than Gs. Due to the 
observed reduction in leaf area over the course of the drought time 
period, Al was not assumed to be a static value in equations 2 and 3. In 
order to estimate daily leaf area values, we used a linear interpolation 
between initial, allometrically derived leaf area, and leaf area obtained 
by destructive harvest at the conclusion of the drought treatment to 
estimate Al for any given day (Hultine et al., 2013) during the drought 
experiment. 

2.5. Root distribution patterns 

Soil cores were collected with an 8.25 cm diameter telescoping sand 
auger (AMS Inc., American Falls, ID) in a single well-watered plot per 
each of the four populations. Nine soil cores were collected in each plot 
at 20-cm intervals to a depth of 200 cm. Nine additional cores were 
taken in each plot at 200-220, 240-260, and 280-300 cm. Three trees 
were randomly selected in each plot and cores were taken directly 

underneath the tree canopy adjacent to the main stem, at 0.5 m from the 
main stem, and in the intercanopy, 1.0 m from the main stem of the 
randomly selected tree and the main stem of the nearest adjacent tree. 
The direction of sampling from the main stem was also selected at 
random, except when that direction was towards the edge of a plot. In 
those cases those directions were not included in the random sample 
pool. Soil cores were collected in one-gallon ziplock bags where they 
were transported to the lab and kept in a -20◦C freezer. Soil samples 
were sieved using progressively smaller mesh sizes with a final pass 
through a 2 mm, No. 10 mesh (Gilson Co., Lewis Center, OH, USA) and 
the separated roots were kept frozen prior to analysis. 

In the lab, all root samples were cleaned and observed under light 
microscopy in water to confirm identification via morphology. Visual 
analyses confirmed morphological criteria for identifying Tamarix roots 
included rigidity, color and branching patterns. Approximately one 
third of the approximately 350 root samples were immersed in distilled 
water for 24 hours and analyzed for total surface area (Ar) using 
WinRHIZO version 2012a image analysis software (Regents Instruments 
Inc., Canada). Analysis included roots separated into three size classes: 
<1 mm, 1-2 mm, and 2-5 mm. After the roots were analyzed for surface 
area, they were oven-dried at 60 ◦C for 48 hours, and weighed to 
generate an allometric relationship between dry root mass (Mr; g) and Ar 
(cm2), yielding: Ar = 66.26* Mr

0.659 (R2 = 0.70, Fig. A2). Total plot Ar 
was calculated by first extrapolating Ar to soil depths where samples 
were not collected (i.e. 220-240 cm, 260-280 cm) using a linear decay 
function with depth. Then, the mean plot-specific Ar was multiplied by 
the total plot surface area (64 m2) to obtain a whole-plot root area 
distribution for each 20 cm soil depth increment. 

2.6. Statistical analysis and Bayesian modeling 

2.6.1. Analysis of xylem water potentials, leaf δ13C, leaf area and 
allometric equations 

Differences among population in Ψpd, Ψmd, and δ13C of leaf sugars 
prior to the onset of the drought treatment and throughout the drought 
treatment were evaluated using a repeated-measures analysis of vari-
ance (MANOVA) where repeated measurements on a given plant 
constituted the repeated variables. In each MANOVA, source pop-
ulations were tested as the main effect. Mean differences among pop-
ulations in relative leaf area were analyzed using one-way ANOVA 
followed by a post-hoc Tukey-Kramer test. Regression analysis was 
performed to develop allometric equations between total leaf area and 
subtending cross-sectional stem area, and fine root surface area and root 
biomass. Prism 5 (GraphPad Inc., La Jolla, CA, USA) and JMP 8.0 (SAS 
Institute Inc. Cary, NC, USA) were used for all statistical analysis of 
xylem water potentials, δ13C, leaf area and allometric equations with P 
≤ 0.05 as the significant level. 

2.6.2. Changepoint analysis of drought effects on El 
Differences in transpiration response to drought across populations 

was assessed with a hierarchical Bayesian model. A custom Bayesian 
approach allowed for the changepoint of each population to be deter-
mined hierarchically based on the changepoint of each individual tree’s 
El. This was necessary to accommodate the experimental design and 
large variation in El behavior that is common when scaling El from 
measurements of stem sap flux. Individual differences in baseline water 
transport, which may be a function of leaf area, was accounted for by 
scaling El as a fraction of each individual’s maximum El, such that 
response variables ranged between 0 and 1. We restricted our analysis 
between day-of-year 215 to 295, the 80 days following drought initia-
tion, and excluded days for which PAR was below 500. Furthermore, we 
excluded genotypes for which 30% or more days had missing values, 
which resulted in 32 genotypes representing 4 populations (N = 7,8,8,9 
for Col, Gila, Verde, and LC, respectively). 

Daily El fraction (Efrac) was modeled as a function of days since 
drought initiation (d). Initial exploration revealed that individuals 
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generally exhibited two distinct rates of Efrac change over time. There-
fore, we utilized a piecewise linear regression with unknown transition 
points, or a Bayesian changepoint model, which estimates the separate 
slopes of each linear region and location of the changepoint. To define 
the likelihood of the data, observed Efrac values were assumed to be 
normally distributed, such that for observation i: 

Efrac, i ∼ Normal
(
μE,i, σ2

E

)
(4)  

where µE is the predicted Efrac and σE
2 describes the observation variance. 

Next, we modeled µE as two linear functions of d that join at the 
changepoint (x): 

μE, i = ag(i) + bg(i), ji ⋅
(
di − xg(i)

)
(5)  

ji = 1 + I
(
di ≥ xg(i)

)
(6)  

where a denotes the Efrac at x, b represents the rate of change of Efrac, and 
j is an indicator variable denoting the period before (1) or after (2) the 
changepoint. I(d ≥ x) is an indicator function that equals 1 when d ≥ x 
and is 0 otherwise. Finally, the a, b, and x parameters were allowed to 
vary by genotype, akin to a random coefficients model, where g(i) in-
dicates genotype g associated with observation i. 

To complete the Bayesian model, we specified priors for the un-
known parameters, including hierarchical priors for the population level 
intercept, slopes, and changepoint parameters: 

ag ∼ Normal
(

μa, p(g), σ2
a, p

)
(7)  

bg, j ∼ Normal
(

μb, p(g),j, σ2
b, p, j

)
(8)  

xg ∼ Normal
(

μx,p(g), σ2
x,p

)
(9) 

We assigned relatively noninformative, standard (conjugate) priors 
to the population-level means such that the µa,p and µb,p,j terms were 
assigned normal priors centered at zero with large variance. The 
population-level changepoint (µx,p) was given noninformative Uniform 
(0,80) prior, which spans the duration of the drought experiment. The 
observation precision (1/σE

2) was assigned a conjugate, relatively non- 
informative Gamma(0.01, 0.01) prior. The population-level standard 
deviations (σa,p, σb,p,j, and σx,p) were given folded Student-t priors with a 
mean of zero, a standard deviation of 10, and a shape parameter of 2 
(Gelman, 2006). 

Gs sensitivity to D 
Population differences in the sensitivity of stomatal conductance (Gs) 

to vapor pressure deficit (D) was assessed in a hierarchical Bayesian 
framework. Because individual genotypes demonstrated unique timing 
of drought responses, we used the genotype-level changepoint estimated 
from the previous model to categorize the Gs into initial and subsequent 
drought responses. Thus, we could compare population-level differences 
in stomatal sensitivity during both phases of drought response. 

Whole-plant stomatal conductance (Gs) was modeled as a linear 
function of the natural log of D. The observed Gs values were assigned a 
normal distribution, such that for observation i: 

Gs, i ∼ Normal
(
μG, i, σ2

G

)
(10)  

where µG is the predicted Gs and σG
2 describes the observation variance. 

Next, we modeled µG as a linear functions of log(D) following an 
empirical model of stomatal conductance (Oren et al. 1999): 

μG, i = − mg(i), k(i)⋅log(Di) + Gref , g(i), k(i) (11)  

where m represents stomatal sensitivity to D, Gref is the reference 
conductance at D = 1 kPa, and k is an indicator denoting whether the 
observation occurred before or after the changepoint estimated in the 
previous model. The m and Gref parameters also varied by genotype, 

where g(i) indicates genotype g associated with observation i. 
We specified priors for the unknown parameters, including hierar-

chical priors for the population level stomatal sensitivity and reference 
conductance parameters: 

mg,k ∼ Normal
(

μm, p(g),k, σ2
m, p,k

)
(12)  

Gref ,g, k ∼ Normal
(

μGref , p(g),k, σ2
Gref , p, k

)
(13) 

We assigned relatively noninformative, standard (conjugate) priors 
to the population-level means such that the µm,p,k and µGref,p,k terms 
were assigned normal priors centered at zero with large variances. The 
observation precision (1/σG

2) was assigned a conjugate, relatively non- 
informative Gamma(0.01, 0.01) prior. The population-level standard 
deviations (σm,p,k and σGref,p,k) were given folded Student-t priors with a 
mean of zero, a standard deviation of 10, and a shape parameter of 2 
(Gelman, 2006). 

2.6.3. Model implementation and interpretation 
The two Bayesian models (Eqns 4-9 and 10-13) were implemented in 

JAGS 4.3.0 (Plummer, 2003) via R (R Core Team, 2018), using the 
packages ‘rjags’ (Plummer, 2019) and ‘CODA’ (Plummer et al., 2006). 
Three parallel Markov chain Monte Carlo (MCMC) sequences were 
assigned widely dispersed starting values, and initial iterations were run 
until convergence was achieved as measured by the Gelman statistic 
(Gelman and Rubin, 1992). We ran each model for 50000 iterations and 
thinned by 10 to obtain a posterior sample size of 5000 for all 
parameters. 

The above approach produced posterior distributions for all param-
eters of interest, which are summarized by their posterior means and 
95% central credible intervals (CIs) defined by the 2.5 and 97.5 per-
centiles of the posterior. Significant differences between genotype- and 
population-level regression coefficients can be determined if the poste-
rior mean of one coefficient is not contained with the 95% CI of another 
and vice versa. Finally, the difference between population-level stomatal 
sensitivity (m) and reference conductance (Gref) between the two periods 
of drought responses were calculated within the model code; Bayesian p- 
values were calculated to assess the significance of this difference. 

3. Results 

3.1. Environmental conditions during drought treatment 

Mean daytime Q - defined as periods when Q was greater than 10 

Fig. 1. Mean volumetric water content (θ) measured at 15 cm (shallow soil) 
and 45 cm (deep soil) depths and mean daytime atmospheric vapor pressure 
deficit (D) measured 3 m above the ground surface at a Tamarix common 
garden established near Yuma, AZ, USA. Soil moisture data are mean values 
from sensors installed under three distinct canopies. Error bars represent the 
standard error of the means. 
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μmol m− 2 s− 1 – was above 700 μmol m− 2 s− 1 every day during the 
experiment with the exception of three consecutive cloudy days from 
Sep 21-23 (Julian days 263-265) when mean daytime Q only reached 
380 – 470 μmol m− 2 s− 1. Likewise, mean daytime D on days 264 and 265 
only reached 0.80 and 1.37 kPa, respectively. On all other days, D 
ranged from 2.13 kPa to 5.66 kPa (Fig. 1). There was a slight but sig-
nificant decrease in daytime D from the initiation of the drought treat-
ment and the conclusion of the study (Fig. 1, F1,80 = 12.67, P = 0.0006, 
R2 = 0.14, regression not shown). Mean daily volumetric soil moisture 
(θ) reached maximum values on the day of flood irrigation (day 214) of 
24% and 25% at 15 cm, and 45 cm, respectively (Fig. 1). Mean daily θ 
decreased rapidly until day 245 when it decreased at both depths line-
arly from approximately 8.2% to 6.9% at 15 cm, and 9.7% to 8.7% at 45 
cm (Fig. 1). 

3.2. Xylem water potentials, leaf carbon isotope ratios and whole-canopy 
leaf area 

At the onset of the drought treatment mean Ψpd of all genotypes was 
-1.52 (SE ± 0.10) with no significant variation among populations 
(Fig. 2). On day 292 (Oct 19, 80 days following final watering), mean 
Ψpd of all genotypes fell to -2.67 (SE ± 0.14) MPa. However, in contrast 
to the outset of the drought treatment, differences among population 
were detected on day 80 after drought initiation, particularly in the low 
elevation populations where Ψpd where mean values ranged from -2.11 
MPa in the Gila genotypes to -3.14 in the Col genotypes (Fig. 2a). When 
analyzed across all measurement periods during the drought treatment, 

no differences were detected among populations (Table 1), although the 
approximate 1 MPa drop in Ψpd over the course of the experiment was 
highly significant (Table 1). The interaction population * time had no 
effect on Ψpd. 

Similar to Ψpd, no differences were detected among populations in 
Ψmd throughout the drought treatment, but time into the drought 
treatment had a significant effect on Ψmd (Fig. 2b, Table 2). By day 80 
into the drought treatment (i.e. day 292), mean Ψmd fell below a 
threshold that previously has been shown to induce near complete 
xylem cavitation in the stems in three of the four populations (-4.29 
MPa; Pockman and Sperry, 2000; Choat et al., 2012), with the Gila 
population being the one exception where minimum Ψmd during the 
experiment only reached -3.68 MPa (Fig. 2b). Patterns of ΔΨ (Ψpd - Ψmd) 
mirrored patterns of Ψpd and Ψmd in that mean population differences 
over the course of the drought treatment were not detected (Table 2, 
Fig. A3). Time into the drought treatment had a weak, but significant 
effect on ΔΨ. However, mean ΔΨ across all populations at the conclu-
sion of the experiment was nearly identical to ΔΨ at the onset of the 
experiment: 1.43 (SE ± 0.14) MPa and 1.61 (SE ± 0.09) MPa on days 
217 and 292, respectively (Fig. A3). 

Patterns of δ13C in leaf soluble sugars also mirrored patterns of Ψpd, 
and Ψmd in that no population differences were detected, but there was a 
strong effect of time into the drought treatment (Table 2, Fig. 2c). The 
interaction population * time had no effect on δ13C. Prior to the drought 
treatment, mean δ13C of all genotypes was -27.50 (SE ± 0.11) ‰ and 
increased to -26.66 (SE ± 0.13) ‰ at the conclusion of the drought 
treatment (Fig. 2c). In contrast to δ13C patterns that were general across 

Fig. 2. Mean predawn xylem water potentials (Ψpd), mean midday xylem water 
potentials (Ψmd), and carbon isotope ratios (δ13C) of leaf soluble sugars 
measured in Tamarix genotypes sourced from four populations and occurring in 
a common garden near Yuma, AZ, USA. a. Ψpd measured between 02:00 and 
04:00 hours. b. Ψmd measured between 11:00 and 13:00 hours. c. δ13C 
measured in the soluble sugars extracted from sunlit leaves. The population 
codes are Col (low-elevation, perennial): Colorado River, Gila low-elevation, 
ephemeral): Gila River, Verde (high-elevation, perennial): Verde River, LC 
(high-elevation intermittent): Little Colorado River. Error bars represent the 
standard error of the means. 

Fig. 3. Box and whisker plot of the ratio of total stem leaf area at the 
conclusion of the drought experiment and predicted leaf area of Tamarix ge-
notypes from four source populations occurring in a common garden near Yuma 
AZ, USA. Predicted leaf area was determined from an allometric relationship 
between leaf area and branch diameter calculated for replicated genotypes that 
were not subjected to the drought treatment. The box and whisker plot shows 
the median, 25th and 75th percentiles (boxes) and the 10th and 90th percentiles 
(error bars). The population codes are Col (low-elevation, perennial): Colorado 
River, Gila low-elevation, ephemeral): Gila River, Verde (high-elevation, 
perennial): Verde River, LC (high-elevation intermittent): Little Colorado River. 
Asterisks represent level of significant differences: * < 0.01, ** < 0.001, *** 
< 0.0001. 

Table 2 
F statistics and P values from repeated measures (MANOVA) analysis of predawn 
xylem water potentials (ψpd), midday xylem water potentials (ψmd), and carbon 
isotope ratios of leaf soluble sugars (δ13C). The data were collected prior and and 
during an experimental drought implemented in a common garden comprised of 
Tamarix genotypes sourced from four populations in Arizona.  

Measurement Population Time Pop*Time  

F P F P F P 

ψpd 4.20 0.239 40.56 <0.0001 5.52 0.328 
ψmd 5.32 0.113 53.69 <0.0001 4.59 0.177 
δ13C 6.16 0.101 16.67 <0.0001 3.66 0.377  
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populations, significant differences were detected among populations in 
Al:Alref. Genotypes from the perennial flowing Col population displayed 
the lowest Al:Alref of 0.45 (SE ± 0.084), followed by the LC population 
and Verde populations at 0.53 (SE ± 0.070), and 0.59 (SE ± 0.147), 
respectively (Fig. 3). Conversely, Al:Alref in the Gila genotypes did not 
diverge statistically from unity yielding a mean value of 0.88 (SE ±
0.162) (Fig. 3). Consequently, calculated mean As:Al ratios ranged from 
3.73 (SE ± 0.15) cm2 m− 2 in the Gila population to 4.84 (SE ± 0.06) cm2 

m− 2 in the LC population at the outset of the drought treatment and 
ranged from 5.26 (SE ± 0.67) cm2 m− 2 in the Gila population to 16.35 
(SE ± 6.67) cm2 m− 2 in the Col population at the conclusion of the 
drought (Table 3). However, the extremely high post drought As:Al Col 
population was largely a function of a single genotype loosing almost all 
of its leaves. When the tree is removed from the analysis, As:Al fell to 
9.99, which was close to the Verde and LC populations. 

3.3. Sap-flux-scaled canopy transpiration and canopy stomatal 
conductance 

Sap flux density (Js) over the seven days prior to the drought treat-
ment was similar among the four populations ranging from a low of 92 
(SE ± 6.1) g cm− 2 day− 1 in the Gila population to a high of 102 (SE ±
9.6) g m− 2 s− 1 in the Verde population with a mean Js across all geno-
types of 97 (SE ± 4.5) g cm− 2 day− 1 (Fig A4). At the final seven days of 
the drought treatment, mean Js ranged from a low of of 50 (SE ± 14.7) g 
cm− 2 day− 1 in the LC population to a high of 67 (SE ± 16.0) g m− 2 s− 1 in 
the Verde population with a mean Js across all genotypes of 58 (SE ±
7.5) g cm− 2 day− 1 (Fig A4a). Mean canopy transpiration (El) during the 
seven days prior to the drought treatment was 57% and 51% higher in 
LC than Col, and Gila, respectively, while El in Verde population was not 
significantly different from the other three populations (Figure S4b). 
Changes in El over the course of the drought treatment were more subtle 
than changes in Js (Fig. A4b), largely reflecting significant reductions in 
leaf area (Fig. 3), resulting in higher As:Al ratios by the end of the 
drought (Table 3). 

The decline of El over time after drought initiation (d) was non- 
linear, largely reflecting confounding effects of variation in D over the 
course of the drought (Fig. 1). Therefore, we fitted a hierarchical 
Bayesian model to detect distinct transition points (i.e. changepoints) in 
mean daily Efrac over time (R2 = 0.86 – 0.91 for each population, 
Fig. A5). The changepoint – the point in which Efrac begins to signifi-
cantly decline – occurred at about the same day in the Col (day 240, 35 

Fig. 4. Mean daily scaled transpiration (Efrac, ±1 SD) for the populations Col (n 
= 7), Gila (n = 8), Verde (n = 8), and LC (n = 9) from day of year 215 to 295, 
excluding two days when PAR < 500. Vertical line represents the posterior 
mean of µx (i.e. change point) for each population, while the shaded rectangle 
shows the central 95% credible interval (CI). Capital letters indicate whether µx 
differs significantly among populations. 

Fig. 5. Posterior mean and central 95% credible interval of µb (i.e. slope of leaf 
transpiration against time after drought initiation) for each population and 
period. Capital (lowercase) letters indicate whether µb differs significantly be-
tween populations before (after) the changepoint (µx). Asterisks indicate sig-
nificant differences (Bayesian p-value < 0.01) within a population between 
periods, while points indicate marginally significant differences (Bayesian p- 
value < 0.1). 

Table 3 
Mean stem sapwood area (As), initial leaf area (Al) - estimated from allometry 
(Figure S1), and ending leaf area of Tamarix genotypes sourced from four pop-
ulations in Arizona. Numbers in parentheses are ± the standard error of the 
means.  

Population As Initial Al Ending Al Initial As: 
Al 

Ending As: 
Al  

cm2 m2 m2 cm2 m− 2 cm2 m− 2 

Colorado 6.60 
(0.98) 

1.82 
(0.34) 

0.84 
(0.22) 

3.81 
(0.18) 

16.35 
(6.77) 

Gila 5.92 
(0.99) 

1.72 
(0.39) 

1.31 
(0.27) 

3.73 
(0.15) 

5.26 (0.67) 

Verde 5.17 
(0.70) 

1.42 
(0.23) 

0.76 
(0.23) 

3.78 
(0.09) 

10.74 
(2.85) 

Little 
Colorado 

3.73 
(0.37) 

0.77 
(0.08) 

0.43 
(0.08) 

4.84 
(0.06) 

10.69 
(1.46)  

S.E. Bush et al.                                                                                                                                                                                                                                  



Agricultural and Forest Meteorology 301–302 (2021) 108342

8

days after watering), Verde (day 241, 36 days after watering), and Gila 
(day 242, 37 days after watering) populations (Fig. 4). Conversely, the 
changepoint occurred on day 254 (49 days after watering) in the LC 
population: significantly later than either the Col or Gila populations 
(Fig. 4). Prior to the changepoint, none of the four populations showed a 
negative slope with d (i.e. μb in Fig. 5). In fact, the slopes were initially 
positive in both the Gila and Verde populations before turning negative 
after the changepoint (Fig. 5). 

To further evaluate stomatal sensitivity to drought, we calculated the 
relationship between sap-flux-scaled canopy stomatal conductance (Gs) 
and D before and after the changepoint (Fig. 6) by fitting a hierarchal 
Bayesian model (R2 = 0.71 – 0.86, Fig. A6). Prior to the change point, 
the two high-elevation, frost exposed populations displayed a higher 
sensitivity to increasing D, illustrated by the larger mean μm values in 
Fig. 7. After the changepoint, Gs become considerably more variable in 
all populations and no differences were detected among populations 
(Fig. 7). After the changepoint, Gs in the two low-elevation populations 
had a marginally lower sensitivity to D than prior to the changepoint. 
Differences in Gs sensitivity before and after the changepoint were not 
detected in the two high elevation populations (Fig. 7). 

3.4. Fine-root area 

From soil depth of 0 to 2.80 m, total Ar:Al was fairly similar among 
three of the four populations, ranging from 10.16 m2 m− 2 in Gila, to 
13.33 m2 m− 2 in Verde, to 13.41 m2 m− 2 in Col (Fig. 8a). Conversely, Ar: 
Al of the LC population was 24.29 m2 m− 2: meaning that Ar:Al of Gila, 
Verde and Col were only 42%, 55%, and 55% of LC, respectively 
(Fig. 8a). The distribution of roots throughout the profile also varied 
among populations. For example, 60% of the total root area of the Verde 
population was confined to the upper 1.0 meter of the soil profile. Root 
area of the Col population was nearly equally distributed between 0 and 
1.0 m (46%) and 1.0 to 2.0 m (43%) (Fig. 8b). The Gila population had 
the highest percentage of its roots below 2.0 m (17%) (Fig. 8b). 

4. Discussion 

4.1. Adaptive versus non-adaptive responses to drought 

The rapid hybridization of Tamarix following its introduction in 
North America (Gaskin and Schaal, 2002; Gaskin and Kazmir, 2009; 
Williams et al., 2014) suggests that Tamarix populations are comprised 
primarily of highly plastic, general-purpose genotypes (Baker, 1965). 

Fig. 6. The relationship between mean daily canopy conductance (Gs, ±1 SD) 
and natural log of mean daily vapor pressure deficit (D) for each population. 
The population codes are Col: Colorado River, Gila: Gila River, Verde: Verde 
River, LC: Little Colorado River. 

Fig. 7. Posterior mean and central 95% credible interval of µm for each pop-
ulation and period. Capital (lowercase) letters indicate whether the parameter 
differs significantly between populations before (after) the changepoint (µx). 
Points indicate marginally significant differences (Bayesian p-values < 0.1) 
within a population between periods. The population codes are Col: Colorado 
River, Gila: Gila River, Verde: Verde River, LC: Little Colorado River. 

Fig. 8. The fine root distribution of four populations of occurring in a common 
garden near Yuma, AZ, USA. a. The mean distribution of fine root area relative 
to total leaf area (Ar:Al) at three depths: 0 – 100 cm, 100-200 cm, and 200 – 280 
cm. b. The percentage distribution of fine roots at three depths: 0 – 100 cm, 
100-200 cm, and 200 – 280 cm. The population codes are Col: Colorado River, 
Gila: Gila River, Verde: Verde River, LC: Little Colorado River 
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However, common garden studies and glasshouse trials have detected 
evidence that some traits including foliage phenology (Friedman et al., 
2011; Long et al. 2017), cold hardiness (Friedman et al., 2008), biomass 
allocation (Sexton et al., 2002; Williams et al. 2014), and leaf-level gas 
exchange (Long et al. 2017) are locally adapted across broad tempera-
ture gradients. We therefore anticipated that Tamarix populations 
occurring across both hydrological and mean annual temperature gra-
dients would express strong local adaptation in response to soil water 
deficits. We found limited evidence that hydrologic regime acts as a 
strong agent of selection in Tamarix populations occurring in 
low-elevation, arid riparian areas. On the other hand, the population 
exposed to regular freeze-thaw conditions expressed a delayed negative 
response in whole-canopy water use to drought that was perhaps a 
consequence of having a substantially higher Ar:Al relative to the other 
three populations. These data indicate that regular exposure to frost may 
result in a ‘non-adaptive’ buffering to drought exposure. If so, the 
occurrence of Tamarix in high-elevation riparian ecosystems may have 
differing ecohydrological, and ecological impacts than Tamarix occur-
ring in warmer, low-elevations riparian ecosystems under rapidly 
changing climate conditions in the western US. 

We hypothesized (Hypothesis 1) that the Gila population occurring 
along an ephemeral stretch of river would express a lower stomatal 
sensitivity to declining water potentials and a higher Ar:Al (Hypothesis 
3) relative to the Col population sourced along a perennial flowing river. 
However, we found limited evidence to support either hypothesis, with 
the exception that unlike the Col population, the Gila population did not 
display a significant reduction in leaf area by the conclusion of the 
drought treatment. One limitation is that information on edaphic con-
ditions (i.e. height above primary channel, soil texture), depth to 
groundwater or other hydrological conditions of the two source loca-
tions was absent. Thus, it is plausible that despite the contrasting flow 
regimes of the two river reaches, the two source populations may have 
been faced with similar soil water conditions. Alternatively, the results 
may support the ‘generalist genotype’ hypothesis (Baker, 1965). A 
recent genomics analysis of Tamarix in the western US revealed that 
there is high genetic connectivity within large watersheds, including 
along the lower Colorado River (Lee et al., 2018). The Gila population is 
located approximately 150 km up river from its confluence with the 
Colorado River where the Col population is located. Tamarix seeds can 
be dispersed over long distances by water and wind along river corridors 
(DiTomaso, 1998), making it likely there was significant gene flow be-
tween the Col and Gila populations. 

We hypothesized that regular exposure to freeze-thaw conditions 
would result in greater tolerance to drought (Hypothesis 2) due to frost- 
exposed genotypes having a higher Ar:Al relative to warm-adapted ge-
notypes (Hypothesis 3). Our second hypothesis was largely supported in 
that canopy transpiration in the high-elevation LC population declined 
approximately 14 days after drought initiation than the other three 
populations (Fig. 4), possibly as a consequence of having a dramatically 
higher Ar:Al than the other three populations (Fig. 8). The high Ar:Al in 
the cold-adapted LC population may not be an adaptive response to 
drought per se but instead potentially a consequence of coping with 
winter freezing and regular spring freeze-thaw events. Exposure to 
freezing requires plants to prioritize frost tolerance through osmoregu-
lation, refilling embolized xylem and frequently rebuilding frost- 
damaged tissues: processes that require large storage pools of non- 
structural carbohydrates (Tixier et al., 2019). Another study using the 
same common garden as the present study found that cold-adapted ge-
notypes maintained higher NSC concentrations in coarse roots than 
warm-adapted genotypes (Long et al., in revision). Although coarse 
roots are a primary storage organ for maintaining winter NSC pools in 
woody plants (Hartmann et al., 2013; Hartmann and Trumbore, 2016; 
Guo et al., 2020), fine roots may also play an important role NSC storage 
(Würth et al., 2005). For example, a common garden study revealed that 
fine roots of cold-adapted species in the genus Actinidia - woody taxa 
native to Asia - contained significantly higher NSC concentrations than 

fine roots of warm-adapted Actinidia species (Boldingh et al., 2000). 
Other greenhouse / common garden studies have reported that Tamarix 
populations that are regularly exposed to freezing temperatures allocate 
more biomass to fine root production than genotypes occurring in areas 
where freezing temperatures are generally absent (Sexton et al., 2002; 
Williams et al., 2014). Presumably the higher biomass allocation to fine 
roots in cold-adapted Tamarix is a consequence of maintaining labile 
carbon storage pools, and not necessarily related to soil water deficits. 

Plants that are constructed with a higher absorbing root area per unit 
leaf area have a built in advantage for coping with soil water deficits 
relative to plants with comparatively low root to leaf area ratios (Sperry 
and Hacke, 2002; Sperry et al., 2002; Hultine et al., 2006). In the 
simplest terms, Ar:Al represents a soil water supply versus atmospheric 
demand function whereby a large surface area of absorbing roots can not 
only deliver water to the canopy, but also prevent steep water potential 
gradients in the rhizosphere and in plant xylem (Sperry et al., 1998). On 
coarse-textured sandy soils, such as those common in colluvial terraces 
of riparian systems, Ar:Al ratios can have considerable impacts on water 
extraction limits by woody plants. For example, results from a soil / 
plant hydraulics model (Sperry et al., 1998) indicated that canopy 
transpiration rates of the semi-arid tree / shrub, Prosopis velutina 
occurring at a location with sandy loam soil was highly sensitive to 
variation in Ar:Al. When Ar:Al was changed from 10 m2 m− 2 to 20 m2 

m− 2 in the model, transpiration increased nearly 100% at the measured 
bulk soil water potential of -3.5 MPa (Hultine et al., 2006). Thus, in the 
present study, the high Ar:Al in the freeze-thaw adapted LC population 
likely results in greater resilience to soil water deficits relative to other 
populations, potentially even those occurring in relatively drier 
environments. 

Drought experiments conducted on deeply-rooted, phreatophytic 
plants can be challenging to implement in ways that are biologically 
meaningful. Over the 80-day drought treatment in the present study, 
mean Ψpd decreases by 1.0 to 1.5 MPa in all populations, mean δ13C 
increased by approximately 1.0‰ across all populations (Fig. 2c), and 
mean Gs became far more variable and less constrained by D (Fig. 7). In 
three of the four populations, mean Ψmd fell below -4.29 MPa at the 
conclusion of the drought: a threshold at which near complete hydraulic 
failure has been previously reported in Tamarix (Choat et al., 2012). 
Interestingly, mean minimum Ψmd in Gila did not fall below the hy-
draulic failure threshold (Fig. 2c), and was likewise the only population 
that did not display a significant reduction in leaf area at the conclusion 
of the drought. Despite the considerable leaf loss in most populations, 
ΔΨ was more or less constant throughout the drought treatment. The 
near-constant ΔΨ indicates that Tamarix largely expresses an anisohy-
dric hydraulic strategy that could predispose this taxon to be widely 
impacted by episodic drought conditions that are predicted to increase 
in western North America over the next several decades. 

4.2. Ecohydrological implications 

In order to evaluate the population-level ecohydrological conse-
quences of Tamarix on riparian ecosystems it is worth comparing water 
use strategies and evidence of local adaptation with another widely 
distributed riparian tree species, Populus fremontii S. Wats. In many 
ways, P. fremontii is a native analog to Tamarix in that their ranges 
widely overlap, both have distributions that span broad temperature 
gradients, and both show strong evidence for local adaptation in traits 
related to foliage phenology (Friedman et al., 2011, Long et al., 2017; 
Cooper et al., 2019), cold hardiness (Friedman et al., 2011), productivity 
(Grady et al., 2011) and photosynthetic gas exchange (Grady et al., 
2013; Long et al., 2017). However, a potentially important contrast 
between Tamarix and P. fremontii revolves around differences in 
leaf-level transpiration. In the present study, mean El in the freeze-thaw 
adapted LC population, prior to the drought treatment was over 50% 
higher than the two low-elevation warm-adapted populations. The 
relatively high El in cold-adapted Tamarix likely reflected a much higher 
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Ar:Al than warm-adapted Tamarix. Conversely, a previous common 
garden study of P. fremontii genotypes sourced across a broad temper-
ature gradient revealed that warm-adapted genotypes had a 35% higher 
mean El than cold-adapted genotypes (Hultine et al., 2020). P. fremontii 
genotypes on the warm-edge of its distribution are faced with the 
challenge of maximizing thermal regulation of their broad sun-exposed 
leaves that in absence of significant mid-afternoon evaporative cooling 
could face rapidly diminishing returns on investment in terms of leaf 
carbon balance (Urban et al., 2017; Blonder and Michaletz, 2018). On 
the other hand, the small scale-like leaves of Tamarix likely do not 
require extreme evaporative cooling to the extent that low-elevation 
P. fremontii and some other warm-desert woody taxa are adapted to 
maintain during heat waves (Aparecido et al., 2020). 

Unfortunately, to our knowledge drought treatments similar to the 
one conducted in the present study have not been conducted on a wide 
range of western North America riparian tree taxa. As a consequence, 
the extent to which riparian tree populations are locally adapted to 
drought conditions across broad climate gradients is an open question. 
An improved understanding of genetics-based local adaptation in rela-
tion to soil water deficits would significantly improve climate niche 
modeling (Ikeda et al., 2016), and restoration efforts to not only manage 
non-native vegetation such as Tamarix, but also restore native riparian 
vegetation using assisted migration approaches (Grady et al., 2015). 

5. Conclusions 

Results from this common garden drought experiment indicate the 
rapid expansion of Tamarix into western north America was likely not 
facilitated by local adaptation to variation in soil water deficits. How-
ever, local adaptation to regular freeze-thaw exposure may have ‘non- 
adaptive’ consequences on tolerance to soil water deficits through se-
lection for high belowground versus aboveground biomass allocation, 
yielding relatively large Ar:Al ratios. Results from this study improve our 
understanding of how Tamarix has successfully established across an 
extremely broad climate gradient, and also builds on our understanding 
of the impacts Tamarix may have on ecohydrological processes under 
future climate conditions. More broadly, the results from this study 
contribute to our understanding of the “general purpose genotype” 
versus rapid local adaptation paradigm in successfully established non- 
native woody plants. It appears that Tamarix cannot be neatly classified 
into either category but instead takes on a myriad of evolutionary 
strategies to maintain its dominant presence along many wetlands, 
streams and rivers in western North America. 
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Appendix 

Fig. A1, A2, A3, A4, A5, A6 

Fig. A1. Population-specific allometric relationships between leaf area and 
stem diameter. The population codes are Col (low-elevation, perennial): Colo-
rado River, Gila low-elevation, ephemeral): Gila River, Verde (high-elevation, 
perennial): Verde River, LC (high-elevation intermittent): Little Colorado River. 

Fig. A3. Mean difference between predawn xylem water potentials (Ψpd) and 
mean midday xylem water potentials (Ψmd) measured in Tamarix genotypes 
sourced from four populations and occurring in a common garden near Yuma, 
AZ, USA. The population codes are Col: Colorado River, Gila: Gila River, Verde: 
Verde River, LC: Little Colorado River. Error bars represent the standard error 
of the means. 

Fig. A2. Allometric relationship between root surface area and root dry mass in 
fine roots extracted from between 0 and 280 cm. 
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