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Forest dynamics in arid and semiarid regions are sensitive to water availability,

which is becoming increasingly scarce as global climate changes. The timing

and magnitude of precipitation in the semiarid southwestern U.S. (“Southwest”)

has changed since the 21st century began. The region is projected to become

hotter and drier as the century proceeds, with implications for carbon storage,

pest outbreaks, and wildfire resilience. Our goal was to quantify the importance

of summer monsoon precipitation for forested ecosystems across this region.

We developed an isotope mixing model in a Bayesian framework to characterize

summer (monsoon) precipitation soil water recharge and water use by three

foundation tree species (Populus tremuloides [aspen], Pinus edulis [piñon],

and Juniperus osteosperma [Utah juniper]). In 2016, soil depths recharged by

monsoon precipitation and tree reliance on monsoon moisture varied across

the Southwest with clear differences between species. Monsoon precipitation

recharged soil at piñon-juniper (PJ) and aspen sites to depths of at least

60 cm. All trees in the study relied primarily on intermediate to deep (10-

60 cm) moisture both before and after the onset of the monsoon. Though

trees continued to primarily rely on intermediate to deep moisture after

the monsoon, all species increased reliance on shallow soil moisture to

varying degrees. Aspens increased reliance on shallow soil moisture by 13%

to 20%. Utah junipers and co-dominant ñons increased their reliance on

shallow soil moisture by about 6% to 12%. Nonetheless, approximately half

of the post-monsoon moisture in sampled piñon (38-58%) and juniper (47-

53%) stems could be attributed to the monsoon. The monsoon contributed

lower amounts to aspen stem water (24-45%) across the study area with the
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largest impacts at sites with recent precipitation. Therefore, monsoon

precipitation is a key driver of growing season moisture that semiarid forests

rely on across the Southwest. This monsoon reliance is of critical importance

now more than ever as higher global temperatures lead to an increasingly

unpredictable and weaker North American Monsoon.

KEYWORDS

semiarid ecosystems, North American Monsoon, Southwest U.S., water sources, stable
isotopes, drought

1. Introduction

Global climate change is having substantial impacts on dryland
ecosystems and their carbon and water cycles. Forests in dry regions
are a major driver of global variability in the terrestrial carbon
cycle and are sensitive to moisture fluctuations (Loik et al., 2004;
Poulter et al., 2014; Ahlström et al., 2015; Barnes et al., 2021). The
southwestern U.S. (“Southwest”) is among these rapidly changing
dry regions where increased aridity over the 21st century has led
to frequent droughts, with major impacts on forest productivity
and health (e.g., Overpeck and Udall, 2020; Williams et al., 2020,
2022; Hammond et al., 2022). Impacts include extensive loss
of iconic Southwest ecosystems due directly to drought or to
secondary agents (e.g., beetles) that attack drought-stressed trees
(e.g., Breshears et al., 2005; Shaw et al., 2005; Hansen et al., 2013;
Allen et al., 2015).

Precipitation in the Southwest is largely bimodal, dominated
by winter storms entering the region from the west and summer
moisture associated with the North American Monsoon. The
growing season for trees in the Southwest is generally from April
through October, and precipitation is highly variable during these
months. Early in the growing season, precipitation is relatively low
across the region. High elevation sites historically have snow on
the ground until late spring, but snowpack has been declining in
the 21st century (Mote et al., 2018). June is the driest month in
the Southwest, but it is followed by the summer monsoon, which
typically begins in early to mid-July, bringing rain to water-stressed
ecosystems across the region.

Climate change is affecting the historic distribution of
precipitation. Winter precipitation is declining across the
Southwest, and monsoon precipitation is becoming more variable
in both magnitude and timing (Jones and Gutzler, 2016; Prein
et al., 2016, 2022; Seager and Ting, 2017; Mankin et al., 2021;
Hoell et al., 2022). Models suggest that the North American
Monsoon will weaken as global temperatures rise (Pascale et al.,
2017; Wang et al., 2020), and changes in precipitation patterns
across the Southwest are already affecting plant and ecosystem
functioning (e.g., Biederman et al., 2016; Bradford et al., 2020).
Understanding tree water use can provide insights into how
precipitation variability and changes in precipitation patterns may
affect forested areas across the region as climate changes.

Stable isotopes in stem and soil water provide a means to
determine the seasonality of soil moisture recharge and identify
plant source water (Ogle et al., 2004; West et al., 2007a; Kerhoulas
et al., 2017; Berkelhammer et al., 2020). Previous studies in the

region have investigated plant water sources for a number of
species across the Southwest, including Pinus ponderosa, Juniperus
osteosperma (Utah juniper), Pinus edulis (piñon), and Populus
tremuloides (aspen) (West et al., 2007a; Anderegg et al., 2013;
Kerhoulas et al., 2013, 2017; Guo et al., 2018; Kannenberg et al.,
2019). However, the region is rugged and largely remote, so
many of these studies focus on single sites or have limited spatial
extents. Topographic complexity of the region, heterogeneity in
edaphic conditions, and plasticity in plant traits (e.g., rooting
characteristics) render it difficult to generalize patterns in moisture
use across the region.

We aimed to better understand the extent to which three
Southwest foundation tree species (piñon, juniper, and aspen)
relied on monsoon moisture over the 2016 growing season across
a broad geographic region (Figure 1). To evaluate the impacts of
the monsoon on tree water use, we focused on three questions:
(Q1) To what extent does monsoon precipitation contribute to soil
moisture at various depths in different ecosystem types? (Q2) Do
trees take advantage of monsoon moisture inputs by changing the
depths from which they extract water after the onset of the North
American Monsoon? and (Q3) To what extent does monsoon
precipitation contribute to stem water in foundation Southwest
trees? We used measurements of isotopes in water extracted from
stems and soils from multiple sites across the Southwest to address
these questions.

2. Materials and methods

We combined field measurements of vadose zone moisture and
plant water status with stable isotope analysis and isotope mixing
models to characterize regional variability in the water sources
of three foundation tree species across a precipitation gradient.
For this study, we focused on piñon, Utah juniper, and aspen
trees. These three species are widespread across the Southwest,
employ a range of drought-tolerance strategies and hydraulic traits
(Limousin et al., 2013; McDowell and Allen, 2015; Woodruff et al.,
2015; Garcia-Forner et al., 2016; Peltier et al., 2022), and are
potentially threatened by land-management decisions (Campbell
et al., 2020) and drought-related disturbances, including wildfires
(McDowell et al., 2020), insect infestations (Breshears et al., 2005;
Allen et al., 2010, 2015; McDowell et al., 2020), and aridification
(Kannenberg et al., 2021; Pettit, 2021), all of which are leading to
profound changes in Southwest forest distributions.
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FIGURE 1

Maps of the study area, showing sample locations (circles) alongside (A) mean annual precipitation, (B) 2015–16 winter precipitation, and (C) 2016
summer monsoon precipitation. Winter and summer precipitation are shown as a percent of average. Panel (A) shows the locations of sites from
USNIP and Tulley-Cordova et al. (2021) study, which were used to calculate the monsoon end member (stars). The inset map in panel (A) shows the
location of the detailed maps in panels (A–C) highlighted in gray within the continental US. Precipitation data are from PRISM, and longerm averages
are calculated from the 1990 to 2010 normals.

2.1. Field methods

In 2016, we collected samples from 12 sites across an area
of more than 381,000 km2 in the Four Corners region of the
Southwest [5 piñon-juniper woodlands (“PJ sites”) and 7 mixed
conifer sites with aspen as the only deciduous species (“aspen
sites”)]. The PJ sites ranged in elevation from 1,680 m to 2,246 m,
with mean annual temperature (MAT) ranging from 8 to 13◦C and
mean annual precipitation (MAP) ranging from 237 to 386 mm
(PRISM Climate Group, 2016). The aspen sites ranged in elevation
from 2,714 to 2,944 m, with MAT ranging from 3.5 to 6◦C and
MAP ranging from 583 to 780 mm. While snow accumulation
is common at aspen sites across the Southwest, piñon-juniper
woodlands typically experience relatively mild winters with little
snow accumulation (Petrie et al., 2015; Petrie and Savage, 2022).
These sites represent a subset of a larger network that has been
previously described by Peltier et al. (2021, 2022). These sites were
selected, in part, based on their proximity to sites in the greater plot
network of the U.S. Forest Service Forest Inventory and Analysis
(FIA) program (Shaw et al., 2005). See Table 1 for a summary
of conditions at the sites used in this study and Supplementary
Table 1 for information about site names used in other studies.

The selected sites lie along a monsoon gradient where, in
general, the sites that are farther south and east receive a greater

proportion of their annual precipitation when the North American
Monsoon is active (around July to September) (Higgins et al., 1997;
PRISM Climate Group, 2016). In general, the monsoon provides
22–37% of the annual precipitation at aspen sites and between 31
and 39% at PJ sites. During the 2015-2016 water year, precipitation
was spatially variable during the winter (December–January–
February; Figure 1B) and monsoon (July–August–September;
Figure 1C) across the region. Winter precipitation was below
average at all but one aspen site (AS1) and all but two PJ sites (PJ5
and PJ11). Monsoon precipitation, however, was above average at
most aspen sites and two of the PJ sites (Table 1).

At each site, we collected samples from five trees per species
(85 trees total) twice during the 2016 growing season: before [June;
day of year (DOY) 162–180; “pre-monsoon”] and after (August to
September; DOY 238–260; “post-monsoon”) the onset of the North
American Monsoon. We used a hand augur to collect soil samples
under the canopy drip line of each tree. Regionally, depth to
bedrock is shallow in the settings where these ecosystems are found,
rarely reaching 100 cm (Jorgensen, 2005). Though we collected soil
from the surface to a depth of 10 cm (“shallow” soil) for most trees
(77 pre- and 81 post-monsoon samples), hardened clay, colluvium,
and bedrock precluded collection of multiple soil depths uniformly
across all sites. Despite difficulties in collecting soil for analysis, we
retrieved samples from depths of 10–30 cm (“intermediate” soil; 61
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TABLE 1 Sites used in this study.

Site type Sitea Elevation
(m)

MAPb

(mm)
Monsoon
(% MAP)

2015–2016 winter
precipitation
(% average)

2016 monsoon
precipitation
(% average)

Aspen AS1 2,791 780 22 115 119

AS2 2,714 701 27 69 74

AS4 2,915 598 27 94 114

AS5 2,825 707 30 83 103

AS6 2,944 657 26 96 121

AS9 2,781 583 31 87 129

AS10 2,845 727 37 76 90

PJ PJ1 1,680 337 32 84 168

PJ2 1,937 380 36 90 146

PJ5 1,962 238 39 106 97

PJ8 2,246 377 34 95 88

PJ11 1,949 386 33 159 94

aSites previously described (Peltier et al., 2021, 2022).
bMean annual precipitation; Precipitation data from PRISM Climate Group (2016) downloaded August 2022.

pre- and 64 post-monsoon samples) and 30–60 cm (“deep” soil;
36 pre- and post-monsoon samples) at a minimum of 2 trees per
species per site.

Regional groundwater can be tens to hundreds of meters
below the land surface (Robson and Banta, 1995; USGS, 2023),
so it is unlikely that trees at these sites are accessing regional
groundwater. Further, previous studies have documented that fine
roots responsible for water uptake are typically at their highest
density within the top 60 cm of soil for the focal species (Pinno
et al., 2010; Schwinning et al., 2020). Though it is possible that
the trees are accessing additional water sources (e.g., deeper soil or
water in weathered or fractured bedrock), we believe our sampling
strategy provides a representative picture of vadose zone moisture
from which the plants access most of their water.

We followed careful protocols to minimize evaporation in the
field during sample collection. We placed soil samples in screw-top
Wheaton glass vials (24-ml) immediately upon collection, sealed
them with parafilm, placed them on dry ice in the field, and
subsequently stored them in a freezer in a cold room until water
was extracted for isotope analysis. Separate samples for soil water
content (SWC) analysis were double-bagged in zip-top bags and
stored in the shade to minimize evaporation. Samples were kept
cool during transport back to the lab and analyzed for gravimetric
SWC by progressively drying the samples in a 110◦C oven within 3
days of collection (Supplementary Figures 1, 2).

In tandem with collecting soil samples, we collected mid-
canopy woody stems for xylem water extraction from the 5 focal
trees per species per site during each of the 2016 field visits (pre-
and post-monsoon). We intensively sampled stems from one tree
per species per site (3 stems separately analyzed per tree) to account
for tree variability, and we pooled stems from the other trees (3
stems pooled per tree, yielding a single sample per tree) for a total
of 103 and 113 pre- and post-monsoon stem samples, respectively.
We removed bark and cambium from all stem samples during
collection to minimize contamination by phloem sap. As with soil
samples, we immediately placed the stems in screw-top Wheaton

glass vials (24-ml), sealed them with parafilm, and kept the samples
on dry ice in the field and frozen in the lab to prevent fractionation.

At each site, we complemented isotope sampling with
measurements intended to characterize the site. These
measurements included size characteristics of each focal tree
(Supplementary Table 2) and predawn water potential (9PD). We
measured the diameter of the main stem of each study tree using
a calibrated diameter tape; diameter measurements were made
at “breast height” (∼1.38 m) for aspen and at ground level for
piñon and juniper. We measured tree height and canopy diameter
using a laser range finder. For 9PD, we collected 2–3 stems from
each focal tree approximately 1 h before sunrise and kept the
stems bagged in a cooler until making the 9PD measurement.
We measured 9PD with a Scholander-type pressure chamber
(PMS Instruments Model 600) within one hour of collection
(Supplementary Figure 3).

2.2. Stable isotope sample preparation
and analysis

We cryogenically extracted water from the stem and soil
samples on a vacuum line following established methods (West
et al., 2006). Recent studies have found that cryogenic water
extraction from stems can introduce biases, complicating water
sourcing studies (Chen et al., 2020). However, this is a valid
method (Chen et al., 2020), and there is little indication that the
biases are significant for natural abundance isotopes (Allen and
Kirchner, 2022; Diao et al., 2022). Water extracted from piñon
stems frequently contained organic compounds (as indicated by
cloudiness) that would prevent analysis on the isotopic water
analyzers. We removed the organics by adding activated charcoal
to the extracted water and waiting until the water was clear before
pipetting the water into a separate container (West et al., 2006).

We analyzed δD and δ18O in extracted water at Northern
Arizona University’s stable isotope facility in 2016 using a Los

Frontiers in Forests and Global Change 04 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1116786
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1116786 March 25, 2023 Time: 15:23 # 5

Samuels-Crow et al. 10.3389/ffgc.2023.1116786

FIGURE 2

Measured vs. modeled isotope ratios for soil and stem water.

Gatos Research (LGR) DLT-100 liquid water analyzer or a Picarro
L2140-i triple isotope analyzer. Both analyzers report stable isotope
values as “delta” (δ) values, which are the per mil (h) difference
in the ratio (R) of heavy (i.e., 18O or 2H [D]) to light (i.e.,
16O or 1H) isotopes in a sample relative to a standard (i.e.,
δ = ([Rsample/Rstandard–1] × 1000). Isotope ratios in water are
reported relative to ocean water, which has defined δ18O and δD
values of 0h.

We used the same calibration and drift standards for both
the LGR and Picarro instruments during analysis. We calculated
“stretching factors” (Sharp, 2007) using NAU lab standards, which
spanned a range of values from −142.65 to 1.3h and −18.74 to
−0.09h in δD and δ18O, respectively. NAU lab standards were
calibrated to international standards on a DELTA plus XL mass
spectrometer (Supplementary Table 3). We evaluated instrument
drift on each isotopic water analyzer using both calibrated lab
standards and deionized tap water (DI).

2.3. Isotope mixing model description

2.3.1. Soil isotope mixing model and
end-members

To determine the contribution of monsoon precipitation to soil
moisture at different depths, we modeled the post-monsoon soil
δD and δ18O as a mixture of two end-members: pre-monsoon soil
moisture (δ Pre) and monsoon precipitation (δ Ppt) isotope values.
Since δD and δ18O are correlated in meteoric water (Craig, 1961),
we assumed a bivariate normal distribution to describe the
likelihood of the isotope data (e.g., Ogle et al., 2004; Cable et al.,

2011; Young-Robertson et al., 2017). Thus, let δPosti represent the
vector of observed δD and δ18O values for post-monsoon soil
sample i, then:

δPosti ∼ Normal
(
µPost
i , 6Post

s(i),d(i)

)
(1)

where µPost
i is the predicted vector of δD (µPost

i,1 ) and δ18O (µPost
i,2 )

associated with sample i. 6Post is the 2 × 2 covariance matrix
that quantifies the residual variances and covariances for δD and
δ18O after accounting for variability captured by the mean model
(see Eq. 2). 6Post is allowed to vary by s(i) and d(i), which denote
the 17 species-site combinations (s) and the three depth intervals
(d) associated with each sample (i). A standard, relatively non-
informative Wishart prior was assigned to the covariance matrices
(i.e., each6Post

s,d ) (e.g., Gelman et al., 2013).
The predicted post-monsoon soil isotope values were modeled

as a mixture of the aforementioned δ Ppt and δ Pre end-members.
Thus, for isotope j (j = 1 for δD, j = 2 for δ18O):

µPost
i,j = ps(i),d(i)δ

Ppt
j + (1− ps(i),d(i))δPrei,j (2)

Post- and pre-monsoon soil isotope values were linked by the soil
sample index i, while all sites and species shared the same monsoon
precipitation end-member (δPptj ). The proportional contribution
of monsoon precipitation to post-monsoon soil water is defined
by p, while 1-p is the relative contribution of pre-monsoon soil
water to the post-monsoon soil water; both p and 1-p vary by
species-site (s) and soil depth (d) associated with sample i. While
we apply the mixing model in Eq. 2 to all three soil depths, we
do not expect to obtain precise estimates for the contribution of
monsoon precipitation to the shallow depth, due to the potential
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effects of evaporative enrichment between sampling campaigns.
Thus, we focus on the contribution estimates for the intermediate
and deep soil depths.

Across all sites and species, pre-monsoon soil isotope data (δPre)
were missing for 8, 24, and 58% of the shallow, intermediate, and
deep soil depths, respectively (see section “2.1. Field methods”).
Thus, we implemented a simple model for δPre that allowed for
imputation of these missing data. We assumed univariate normal
likelihoods for the δD and δ18O pre-monsoon observations, but we
explicitly modeled the mean δD values (µPre

i,1 ) as a linear function
of the observed (or imputed when missing) δ18O based on a local
meteoric water line with a slope and intercept associated with
the site type (PJ or aspen) to account for the greater degree of
evaporative enrichment observed at PJ sites:

δPrei,1 ∼ Normal(µPre
i,1 , σ

Pre
1 ) (likelihood for δD data)

δPrei,2 ∼ Normal(µPre
s(i),2, σ

Pre
2 ) (likelihood for δ18O data)

µPre
i,1 = bs(i) +ms(i)δ

Pre
i,2 (mean for δD)

(3)

The mean (µPre) in the likelihood for the δ18O data varied
by s(i), indicating site-species s (for shallow soils) or site s (for
intermediate or deep soils) associated with sample i.

Within the Bayesian framework, relatively non-informative
uniform, normal, and gamma distribution priors were assigned to
the mean δ18O values (µPre

s,2 ), the site-level coefficients (bs and ms),
and the precisions (1/σ2, with σ = σ Pre

1 or σ Pre
2 ), respectively. The

imputed δ Pre values were modularized (Jackson et al., 2009; Liu
et al., 2009; Lunn et al., 2009; Ogle and Barber, 2013) to avoid
feedback from other data or model components, so that only the
pre-monsoon data represented in Eq. 3 were used to inform the
missing data (e.g., Ogle and Barber, 2013).

The remote sites we sampled had no permanent infrastructure,
which precluded the possibility of collecting precipitation during
monsoon 2016. Therefore, we relied on existing data to estimate the
monsoon end-member, δPpt . We used 363 weekly measurements
from the US Network of Isotopes in Precipitation (USNIP)
(Welker, 2000, 2012; Vachon et al., 2010; Terzer-Wassmuth et al.,
2021; Xia et al., 2022) from 1989 to 2012 for the monsoon season
(July–August–September) from four sites in Arizona, New Mexico,
and Colorado that occurred at similar elevations to the PJ (2,100 m)
and aspen (3,100 m) sites in our study. In addition to USNIP
data, we included 74 precipitation event measurements from two
sites on the Navajo Nation taken from 2014 to 2016 (Tulley-
Cordova et al., 2021). Previous studies have shown that isotopes
in monsoon precipitation across the North American Monsoon
domain are typically similar despite differences in site elevation due
to sub-cloud processes in these convective systems (Tulley-Cordova
et al., 2021). Further, we found that the isotopic composition
of monsoon precipitation at each USNIP and Navajo Nation
site varied within a similar range despite differences in elevation
(Supplementary Figure 4). Globally, the isotopic composition of
precipitation also varies by −0.6h/degree latitude for δ18O. The
range of isotope values represented by the data we used to calculate
the monsoon end member exceeds this gradient, so we believe that
calculating a single monsoon end member value, while not ideal,
provides relatively accurate information. USNIP and Navajo Nation
precipitation site locations are shown in Figure 1A along with
sample locations.

Towards quantifying the monsoon end member (δ Ppt), we
assumed a bivariate normal likelihood, similar to Eqn (1), for each
paired observation of δD (j = 1) and δ18O (j = 2) such that for
monsoon precipitation observations (Ppt_obs) m (m = 1, . . . 437):

δ
Ppt_obs
m ∼ Normal

(
δPpt, 6Ppt) (4)

The mean, δPpt , is the end-member used in the mixing model
in Eq. 2, and 6Ppt is the 2 × 2 covariance matrix. Standard,
relatively non-informative priors were assigned to δPpt (normal
priors for each isotope) and 6Ppt (Wishart prior). As for the δPre

end-member model, δPpt was modularized to ensure that only the
USNIP and Navajo Nation precipitation data informed this end-
member, while also propagating end-member uncertainty to the
mixing model (Ogle et al., 2014; Tucker et al., 2014; Ogle and
Pendall, 2015; Pegoraro et al., 2021). In particular, the stochastic
end-member models (Eqs 3, 4) allow for propagation of end-
member uncertainty due to sampling variability or variability in the
isotopic composition of precipitation across space and time that
is not explicitly accounted for in this model (see Supplementary
Table 5).

The site-species level contributions of monsoon precipitation
to post-monsoon soil water, ps,d in Eq. 2, were assigned a
hierarchical prior based on a Beta distribution with species-level
parameters:

ps,d ∼ Beta(ak(s),d, bk(s),d) (5)

Where k(s) denotes species k associated with site-species s, and
d denotes the soil depth. Wide uniform, U(1,100), priors were
assigned to the global parameters (i.e., each ak,d and bk,d). Based
on the Beta distribution in Eq. 5, the expected contribution of
monsoon precipitation to post-monsoon soil water for each species
and soil depth is thus given by:

Epk,d =
ak,d

ak,d + bk,d
(6)

Estimates for Ep provided general insight into the relative
importance of monsoon precipitation to soil moisture recharge
under different tree species and at different soil depths.

2.3.2. Stem isotope mixing model
The stem isotope data were assigned a bivariate normal

likelihood similar to Eq. 1, such that for each stem observation i:

δStemi ∼ Normal
(
µStem
i , 6Stem

s(i),t(i)

)
(7)

All stem data, both pre- and post-monsoon, were modeled via Eq. 7.
The mean or predicted stem isotope values are denoted by µi

Stem;
the covariance matrix, 6Stem, is allowed to vary by s(i), denoting
site-species associated with stem observation i, and by t(i), denoting
time period t (pre- [Pre] vs post- [Post] monsoon) associated with
observation i.

The mean stem isotope values are described via a linear
mixing model, and we consider three soil water sources (shallow,
intermediate, and deep soil water) and a fourth deeper source. That
is, in addition to soil moisture that we were able to sample, trees
in the region may have access to deeper moisture, which includes
deeper soil moisture, perched aquifers, or water trapped in bedrock
fractures (West et al., 2007a), which we collectively refer to as the
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“bedrock” end member. We assumed that this fourth water source
has an isotopic value consistent with unevaporated precipitation
based on the Local Meteoric Water Line (LMWL; we describe how
we estimate this source below). Thus, for the stem mixing model,
we have:

µStem
i,j =

4∑
d = 1

qt(i)T(i),dδ
Src,t(i)
i,d,j + qt(i)T(i),dδ

Bedrock
s(i),j (8)

where T(i) indicates tree T associated with observation i, and thus
qtT,d denotes the proportional contribution of soil water from a
given depth (d) to water uptake by tree T during time period t
(pre- or post-monsoon) associated with observation i. δSrc,ti,d,j is the
δD (j = 1) or δ18O (j = 2) value for the soil source at time period
t and depth d, linked to stem observation i. The deeper, bedrock
source is denoted by depth d = 4, and δBedrocks(i),j is the bedrock δD
or δ18O value for site s associated with stem sample i, s(i). That is,
we assume that the isotopic composition of the bedrock source may
vary among sites, but that it is relatively unchanged over the study
period. We recognize that we are considering more sources than
can be identified with two isotopes, thus we produce estimates for
two different 3-source scenarios: (1) moderately shallow soil (sum
contributions for d = 1 and d = 2), deep soil (d = 3), and bedrock
(d = 4) and (2) shallow soil (d = 1), moderately deep soil (sum
contributions for d = 2 and d = 3), and bedrock (d = 4).

Tree rooting distributions can be quite extensive (e.g.,
Schwinning et al., 2020), so while we sampled soil cores beneath the
canopy of each study tree, it is likely that each tree accessed water
well beyond its own “canopy area.” Thus, for the soil water sources
that can vary among trees within a site (d = 1, 2, and 3), we model
δSrc as a weighted average (similar to a mixture) of the “local” soil
water source (based on soil isotopes measured beneath the canopy
of the target tree) and the “site” level water source. Thus, δSrc in
Eq. 8 is given by:

δ
Src,Pre
i,d,j = qLocals(i) δPrei∗(i,d),j + (1− qLocals(i) )δ̄

Pre
s(i),d,j

for time period t = pre-monsoon

δ
Src,Post
i,d,j = qLocals(i) δPosti∗(i,d),j + (1− qLocals(i) )δ̄

Post
s(i),d,j

for time period t = post-monsoon

(9)

where qLocal is the relative importance of the local soil water
source, and 1-qLocal is the relative importance of the site-level
water source, for species-site s associated with stem observation
i. Additionally, i∗(i,d) denotes soil sample i∗ associated with stem
sample i and soil depth d. The pre- and post-monsoon site-level
soil isotope end-members are represented by δ̄Pre and δ̄Post , which
are computed by averaging the individual values (i.e., observed or
imputed [when missing] δPrei∗,j andδPrei∗,j, see Eqs 3, 1, respectively)
across all soil samples (i∗) associated with each depth d and species-
site s combination.

To describe the fourth, bedrock end-member, δBedrocks,j , we
followed Benettin et al. (2018) and Allen et al. (2019) to construct
evaporation curves based on seasonal temperature and humidity
(PRISM Climate Group, 2016) at each site. We found the
intersection between these evaporation curves and the LMWL.
We used initial isotope values consistent with the deepest pre-
monsoon soil moisture we measured at each site. This method
allowed us to input a minimum and maximum δ18O value for

the bedrock water source for each site (s). We accounted for
uncertainty in the estimated bedrock values by sampling the
bedrock δ18O end member, δBedrocks,1 , from a uniform distribution
with lower and upper bounds defined by the minimum and
maximum values derived from the evaporation curve calculation
(see Supplementary Table 5). The δD value for the bedrock end
member was calculated from the meteoric water line:

δBedrocks,1 ∼ Uniform
(
δ18OBedrock

s,lower , δ
18OBedrock

s,upper

)
(for bedrock δ18O end−member)

δBedrocks,2 = 6.8+ 7.56 · δBedrocks,1

(for bedrock δD end−member)

(10)

To conclude the stem mixing model, we assigned hierarchical
priors to the water source contributions associated with each tree
(q in Eq. 8) and to the relative importance of local water soil water
sources (qLocal in Eq. 9). We modeled each qtT,d (Eq. 8) as coming
from an overall (“population”) distribution with parameters that
varied by time period t, species-site s (trees are nested in species-
site), and depth d; the “population level” parameters were given
relatively non-informative priors. Likewise, we modeled each qLocals
as coming from an overall distribution with parameters that varied
at the level of species (site-species combinations are nested in
species), and the species-level parameters were given relatively non-
informative priors. These hierarchical priors allowed for borrowing
of strength (Ogle et al., 2018) among trees within a site (for q)
and for sites within each species (qLocal); they also allowed us to
compute the expected contribution of soil water from different
depths for each species-site combination (e.g., Eqts,d), and the
expected importance of local soil water for different species (e.g.,
EqsLocal).

Finally, we computed the expected contribution of monsoon
precipitation to tree water at the species-site level use during the
post-monsoon period as:

EqPpts =

3∑
d=1

EqPosts,d · ps,d (11)

where, again, EqPosts,d is the expected contribution of soil water
from depth d to tree water uptake for species-site s during the
post-monsoon period, and ps,d (see Eqs 2, 5) is the contribution
of monsoon precipitation to post-monsoon soil water at depth
d for species-site s. As noted above, we summarized the relative
contributions based on two 3-source scenarios, and we applied
Eq. 11 to both scenarios, where one scenarios combines the
shallow and intermediate depths (moderately shallow soil) and
the other combines the intermediate and deep soil depths
(moderately deep soil).

2.3.3. Model implementation
We implemented the Bayesian mixing models in OpenBUGS

v. 3.2.3 rev 1012 (Lunn et al., 2009). We simulated three parallel
Markov Chain Monte Carlo (MCMC) sequences, with each
chain assigned widely dispersed initial values to ensure sufficient
exploration of the parameter space. We used the cut function to
control feedback and modularize model components as described
in sections “2.3.1. Soil isotope mixing model and end-members”
and “2.3.2. Stem isotope mixing model” (Jackson et al., 2009;
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Lunn et al., 2009; Ogle and Barber, 2013; Ogle and Pendall, 2015).
We ran the model for 10,000 iterations until the chains converged,
as determined by calculating the Gelman statistic (Gelman and
Rubin, 1992). For all monitored parameters, the Gelman statistic
was<1.11, indicating that the chains had converged.

2.4. Model fit

We evaluated model fit by calculating the coefficient of
determination (R2) between measured and predicted isotope ratios
(Figure 2). In general, model fit was better for δD (2A, C, E)
than for δ18O (2B, D, F). Further, model fit was better for soil
water (2A,B) than for stem water (Figures 2C–F). The model likely
underpredicted high δ18O values due to the highly evaporative
conditions across the region.

3. Results

3.1. Soil submodel

3.1.1. Site characteristics
We complemented isotope measurements with

characterization of phenology, gravimetric soil water content
(SWC), and predawn water potential (9PD) at each site. Sampled
trees showed signs of new growth during the pre-monsoon
sampling period. At aspen sites, all sampled trees were leafed
out during both periods. At piñon-juniper sites, piñon trees had
new needles and some trees were starting to produce pollen. The
new growth at all site types suggests that the trees were actively
transpiring during the pre-monsoon sampling period.

In general, prior to monsoon onset, SWC increased with
increasing soil depth (Figure 3 and Supplementary Figures 1, 2).
9PD provides a snapshot of water availability in the active root zone
on the sampling days, and 9PD was between −3 and −2 MPa for
junipers and−2 and−1 MPa for piñon prior to the monsoon onset.
Following the monsoon onset, SWC generally increased, especially
in the shallowest soil depths. During both sampling periods, 9PD
was between −1 and −0.1 MPa at aspen sites, which is in a range
expected for aspens across the region (Love et al., 2018). At PJ1,
PJ2, AS4, AS5, and AS10, 9PD was less negative during the post-
monsoon sampling period. However, at some sites (PJ5, PJ8, PJ11,
AS1, AS2, AS5, AS6), 9PD was the same or more negative despite
overall soil moisture increases (Supplementary Figure 3).

3.1.2. Isotope results
We examined δD and δ18O in water extracted from stems and

soil in relation to the Local Meteoric Water Line (LMWL), derived
from USNIP data, which has a slope of 7.56 + 0.03. In general,
the slope between δD and δ18O in pre-monsoon soil moisture
(Figure 4 top row) is shallower (slope ranging from 2 to 3) than
the LMWL for all site-species combinations, which is consistent
with evaporation. Post-monsoon soil moisture (Figure 4 bottom
row) continues to show signs of evaporation (slope ranging from 4
to 5), but the isotopes plot closer to the LMWL. δD and δ18O in
water extracted from stems falls within the ranges of values found

in soil, and we see little evidence that δD in the stems is fractionated
relative to the soil due to cryogenic extraction (Chen et al., 2020).

3.1.3. Monsoon contributions to soil moisture
We implemented a mixing model that estimated the amount

of monsoon-derived soil moisture at each depth (i.e., as described
by p in Eq. 2) based on the monsoon end member calculated
from regional precipitation data (δ18O = −6.3h, δD = −42.1h).
At PJ sites, monsoon precipitation comprised more than half of
the soil moisture at intermediate depths and 18–60% of the deep
soil moisture (Figures 5A, C). Estimated monsoon contribution
was more variable for soil water under piñons than junipers.
At aspen sites, monsoon precipitation comprised 26–69% of the
intermediate and 6–10% of deep soil moisture. To use these results
to estimate the contribution of soil moisture to stem water, we
assumed 100% monsoon-derived moisture in shallow soil after the
onset of the monsoon. This assumption is consistent with previous
studies that have found that residual soil moisture at a broad
range of ecosystems and elevations across the region is dependent
on rainfall inputs rather than winter precipitation in the summer
(Koehn et al., 2021), relatively dry conditions between the pre-
monsoon sampling and the onset of the 2016 monsoon (PRISM
Climate Group, 2016), higher soil moisture in the shallowest soil
depths in the post-monsoon sampling (Figure 3). We further
expect soil moisture memory from winter to summer to be low
in shallow soils at these sites because the soils have a relatively
high percentage of sand coupled with a low concentration of
organic carbon (Hengl et al., 2014; Martínez-Fernandez et al., 2021;
Walkinshaw et al., 2022).

3.2. Stem submodel

The stem isotope mixing model estimated contributions of soil
water from three depth intervals: shallow soil moisture (0–10 cm),
combined intermediate and deep soil moisture (10–60 cm), and
from a deep source (“bedrock”) that we characterized based on
the evaporation line we calculated for each site. This approach
provides insight into plant water use during the pre- and post-
monsoon sampling trips (i.e., as described by q in Eq. 8). We also
calculated the change in contribution from each depth following
the onset of monsoon precipitation and the local (qLocals(t) in Eq. 9)
versus site-level contribution of the three end members for each
species. For all species, qLocals(t) was low (median values of 0.06, 0.11,
and 0.07 for aspen, juniper, and piñon, respectively), indicating
that site-level moisture was more significant than local (tree-level)
for all species.

Prior to the onset of the monsoon, approximately 12–15%
of the water extracted from piñon, juniper, and aspen stems had
an isotopic signature consistent with shallow soil moisture. The
three species relied primarily on combined intermediate and deep
soil moisture (57, 60, and 71% for juniper, piñons, and aspens,
respectively). The bedrock end member provided approximately
26–27% of the moisture extracted from piñon and juniper stems
and 17% of water extracted from pre-monsoon aspen stems
(Figure 6A).

Isotopic analysis of stem water from post-monsoon samples
suggested that all species changed the depths from which they

Frontiers in Forests and Global Change 08 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1116786
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1116786 March 25, 2023 Time: 15:23 # 9

Samuels-Crow et al. 10.3389/ffgc.2023.1116786

FIGURE 3

Average soil water content and isotope ratios for each species and depth interval. In general, soil water content increased from shallow to deep soil
during the pre-monsoon sampling interval and was higher after the onset of the North American Monsoon (A,C,E). The isotopic composition of soil
moisture (B,D,F) was typically higher during the post-monsoon sampling except for the shallowest soil depths at piñon-juniper sites where
pre-monsoon soil moisture shows signs of evaporation.

sourced water to varying degrees, although all species continued to
rely primarily on intermediate to deep soil moisture (Figure 6B).
However, piñons and junipers across the region increased their
reliance on shallow soil moisture by 9-10% while aspens increased
their reliance on shallow soil moisture by ∼17% (Figure 6C).
Aspens decreased their reliance on both intermediate to deep
soil moisture and on the bedrock source by 8–9%. While piñons
and junipers decreased their reliance on the bedrock source by
around 10%, there was no change in the relative contribution of
intermediate to deep soil moisture to tree water (Figure 6C).

The soil model estimates of the relative contribution of
monsoon precipitation at each depth at the species level (i.e., Ep
in Eq. 6). This allows us to estimate the contribution of monsoon
precipitation to plant water sources for the species sampled across
the region (i.e., Eq in Eq. 11; Figure 7). Monsoon moisture
contributed up to 70% of intermediate to deep soil moisture (see
section “3.1.3. Monsoon contributions to soil moisture”), so the
monsoon contributed a significant amount of moisture to stem
water despite the relatively small shifts to shallower sources. At

the PJ sites, monsoon moisture comprised 40–57% of the water
extracted from both piñon and juniper stems (Figures 7A, C).
Monsoon contributions to aspen stem water were more variable,
ranging from 24 to 45% across the region (Figure 7B).

4. Discussion

The North American Monsoon contributes precipitation that
is critical to soil moisture budgets across the Southwest. Monsoon
precipitation across the Southwest provides an immediate relief for
trees from drought conditions and exerts an important control on
tree growth in subsequent years (Peltier and Ogle, 2019). Further,
studies have found that extreme droughts in the Southwest have
frequently involved the coincident failures of winter and summer
precipitation (Griffin et al., 2013). We found that the monsoon
increased soil moisture (Figure 3 and Supplementary Figures 1, 2)
across the study area and that the three foundation tree species
(aspen, juniper, and piñon) in the study accessed monsoon-derived
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FIGURE 4

Measured δD and δ18O across all sites for the pre-monsoon (A–C) and post-monsoon (D–F) sampling periods. Soil water results are indicated by
square symbols shaded by depth while stems are shown with white circles. The Local Meteoric Water Line (LMWL) is shown on all plots.

FIGURE 5

Estimated contribution of monsoon precipitation (%) to post-monsoon soil moisture at intermediate (10–30 cm) and deep (30–60 cm) depths for
(A) piñon, (B) aspen, and (C) juniper.

soil moisture. This is consistent with studies that have found that
monsoon precipitation reaches depths significant for plants in the
Four Corners region of the Southwest (Tulley-Cordova et al., 2021).
This result also suggests shifts in the timing and magnitude of
the North American Monsoon will have meaningful impacts on
forested ecosystems throughout the Southwest. Indeed, we have
already observed unprecedented mortality events in species across
the Southwest during periods of low precipitation, including recent
mortality of juniper species coincident with failed monsoons of
2019 and 2020 (Kannenberg et al., 2021). As climate changes,
understanding tree water sources and how those water sources
change can provide insights into how forests are responding to
variations in seasonal precipitation and their potential sensitivity
or responses to projected changes in winter and monsoonal

precipitation (Seager et al., 2007; Pascale et al., 2017; Wang et al.,
2020).

4.1. Monsoon contributions to soil
moisture

Our first objective was to identify the extent to which
monsoon precipitation contributes to intermediate and deep soil
moisture across the region. We found that monsoon precipitation
contributed to soil moisture at some PJ and aspen sites to depths
of at least 60 cm. At select PJ sites (PJ1 and PJ2) and aspen sites
(AS4, AS5, and AS10) higher proportions of monsoon moisture
in intermediate to deep soil moisture is consistent with increased
gravimetric soil moisture (Supplementary Figures 1, 2) and more
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FIGURE 6

Estimates of stem water depth sources for each species (A) prior to monsoon onset and (B) during post-monsoon sampling along with (C) the
difference in contributions from each depth. The red line in panel (C) indicates no significant change between pre- and post-monsoon sampling.

FIGURE 7

Estimates of the percent of water with isotopic compositions consistent with monsoon moisture extracted from (A) piñon, (B) aspen, and (C) juniper
stems across the region.

positive 9PD (i.e., more water available in the active root zone;
Supplementary Figure 3) in the post-monsoon sampling period.
At other sites, though, isotopes and mixing model output provide
unique insights into changing water dynamics at these remote
sites over the course of the growing season. At PJ5, PJ11, AS1,
AS2, and AS9 the soil submodel of the mixing model suggests
a greater contribution of monsoon moisture to intermediate
depths than small increases in gravimetric soil moisture and more
negative 9PD indicate (Figure 5 and Supplementary Figures 1–
3).

The shallowest soil depths in our study were subject
to evaporation, so it was difficult to attribute soil moisture
in the 0–10 cm depth directly to the monsoon based on

isotopic composition. However, shallow soil moisture generally
increased by up to 20% between the pre- and post-monsoon
sampling trips at most sites, indicating the importance of
monsoon precipitation for shallow soil moisture (Figure 3 and
Supplementary Figures 1, 2). There were two sites where
shallow soil moisture decreased between sampling trips: PJ8
(Supplementary Figure 1) and AS6 (Supplementary Figure 2).
At both of these sites, 2016 precipitation was below the 30-
year (1980–2010) average between sampling trips based on
gridded climate data, and there was little to no precipitation
the week prior to the post-monsoon sampling (PRISM Climate
Group, 2016), so recharge was minimal immediately before we
sampled.
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4.2. Growing season water source depths

Our second goal was to determine the degree to which plants
shift to rely on shallower water sources following the onset of the
monsoon. Trees across the region rely primarily on intermediate to
deep soil moisture prior to monsoon onset. At PJ sites, both piñon
and juniper trees also rely on moisture from greater depths than we
were able to sample, which is consistent with previous observations
that both species access water trapped in fractures in bedrock
underlying relatively shallow soil (West et al., 2007a). Although
we do not have sap flux or eddy covariance data to quantify
photosynthesis and transpiration during the pre-monsoon period
at these remote sites, the trees we sampled had signs of activity (e.g.,
green leaves on aspens and new needles on piñons), suggesting that
deep moisture is critical for growth in early summer.

All trees continued to rely primarily on intermediate to deep
soil moisture following the monsoon. Although intermediate to
deep soil moisture provided a consistent source of water to all trees,
each species consistently increased their reliance on shallow soil
moisture regardless of location along the monsoon precipitation
gradient. Aspens increased their reliance on shallow soil moisture
while decreasing the proportion of water they derived from deeper
moisture. Previous studies have found little plasticity in water
source over a growing season (Anderegg et al., 2013), but our
approach, which allows us to identify relative shifts in moisture
sources, allows us to identify these minor shifts. It does not allow us
to infer the total amount of water plants extract from each depth,
however. It is possible that the total amount extracted from deeper
intervals remained similar to pre-monsoon, but increased water
content in shallow soils likely led to higher water uptake and greater
relative contribution. The sampled aspen trees’ continued reliance
on intermediate to deep soil moisture following the monsoon onset
is consistent with studies that have shown that growing season
precipitation alone is insufficient to sustain growth (Love et al.,
2018). Different sampling strategies, which included sampling later
in the growing season, may also have contributed to the greater
plasticity we observed in aspen water sources.

Lower elevation sites are drier than aspen sites but receive a
greater proportion of precipitation during the monsoon season.
Previous studies have found that piñon trees shift to shallow soil
moisture more readily than coexisting junipers (Williams and
Ehleringer, 2000; West et al., 2007a,b, 2008). However, we found
that both species accessed similar proportions of shallow soil
moisture while decreasing their reliance on water held at depths
greater than 60 cm (Figure 6). Utah junipers have dynamic root
systems that are long-lived but also adjust to soil moisture inputs
and reach further into canopy gaps than piñons, allowing them
to extract water from the most favorable depths throughout the
growing season (Peek et al., 2006; Schwinning et al., 2020). This
relatively rapid adjustment to moisture inputs may have allowed
the junipers in our study area to extract water from shallower soil
intervals following rain events.

The smaller shift in piñon water sources may reflect changing
conditions in the region that could affect the ability to develop
and maintain the shallow roots necessary to take advantage of
shallow soil moisture recharge following rain events. Shallow root
development in piñons relies on antecedent soil moisture (Plaut
et al., 2012), and studies that focus on other conifer species

have found that enhanced use of monsoon moisture followed wet
winters, which increased storage of summer rains in the root
zone (Berkelhammer et al., 2020). Further, high soil temperatures
may inhibit shallow root development in piñn (Williams and
Ehleringer, 2000). Since the early 2000s, the Southwest has become
hotter and drier, with global change style drought and aridification
characterizing the 21st century (e.g., Overpeck and Udall, 2020;
Williams et al., 2020, 2022). This shift to hotter and drier
conditions may have led to conditions unfavorable for shallow root
development in piñon trees across the region, contributing to the
difference between our results and results from earlier studies.

4.3. Monsoon water use by trees

Although trees continued to rely primarily on intermediate
to deep soil moisture after the onset of the monsoon, up to 50%
of the water extracted from stems had an isotopic composition
consistent with the monsoon end member (objective 3; Figure 7).
The relatively high monsoon moisture content in the stems can
be attributed to soil moisture recharge to intermediate and deep
soil moisture rather than to major shifts to shallower soil moisture
after the monsoon onset. Although the soil moisture increase
following monsoon onset is apparent in increased gravimetric soil
moisture content and more positive 9PD at some of these remote
sites (Supplementary Figures 1–3), the importance of monsoon
moisture at other sites would be masked without isotope data and a
mixing model that integrates soil and stem moisture. For example,
soil moisture decreased at all depths at site AS6, and there was no
change in 9PD between the two sampling events. Although soil
moisture decreased, gridded climate data indicates that∼78 mm of
rain fell between the two sampling events (PRISM Climate Group,
2016). The model estimates that monsoon moisture contributed
to soil moisture at this site even though overall water content
decreased.

Our study had the advantage of providing an overview of
trees across a broad region that is generally remote and difficult
to access. However, there are limitations to our approach and
important questions remain unanswered. The main limitation
is that, despite the spatial coverage across this rugged region,
our study provides only two snapshots in time of the isotopic
composition of water in stems. While greater understanding of
patterns in shallow root development and water uptake may
require more intensive data collection within a growing season and
across years, this study nevertheless highlights the importance of
monsoon precipitation for water use by three dominant tree species
across the Colorado Plateau.

5. Conclusion

Our study suggests that winter precipitation provides water
for trees early in the growing season, but monsoon precipitation
contributes significantly to soil moisture and serves as an important
water source for trees across the Southwest later in the growing
season. During the 2015–2016 water year, monsoon precipitation
substantially increased soil moisture to depths of at least 60 cm
in piñon-juniper woodlands and high-elevation aspen sites. All

Frontiers in Forests and Global Change 12 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1116786
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1116786 March 25, 2023 Time: 15:23 # 13

Samuels-Crow et al. 10.3389/ffgc.2023.1116786

species shifted to increased reliance on shallow soil moisture
following the onset of the monsoon, with less of a shift in piñons
than previously documented. Regardless of whether the trees
shifted source depths, monsoon precipitation comprised 24–58% of
water extracted from aspen, piñon, and juniper stems. We expected
piñons to respond more readily to monsoon moisture than
junipers, but we found comparable shifts to monsoon moisture
in both species.

Although the winter precipitation isotopic composition is often
preserved in cellulose in Southwest trees (Kerhoulas et al., 2013,
2017; Berkelhammer et al., 2020), monsoon precipitation provided
a significant moisture source for aspens, junipers, and piñons across
the study area. Unfortunately, like winter precipitation, monsoon
precipitation is becoming increasingly variable as climate changes.
During the 21st century, the timing and strength of the monsoon
have changed (Grantz et al., 2007; Prein et al., 2016, 2022), and the
monsoon is projected to weaken as climate continues to change
(Pascale et al., 2017; Wang et al., 2020). In fact, recent monsoon
failures have contributed to the worst drought conditions in 1200
years (Williams et al., 2022). Our results suggest that increased
variability in monsoon precipitation and a general weakening of
the North American Monsoon will have a detrimental impact
on trees across the Southwest, with continued drought-related
mortality and dieback (e.g., Allen et al., 2015; Anderegg et al., 2019;
Kannenberg et al., 2021).
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