'.) Check for updates

Received: 9 November 2022 | Revised: 5 April 2023 Accepted: 8 April 2023

DOI: 10.1111/gcb.16762

RESEARCH ARTICLE

£ Bicbaichange scioos RAVAPRSNG

The North American Monsoon buffers forests against the
ongoing megadrought in the Southwestern United States

Brandon M. Strangei’2
Jia Hu'?

1School of Natural Resources and the
Environment, University of Arizona,
Tucson, Arizona, USA

2Laboratory of Tree Ring Research,
University of Arizona, Tucson, Arizona,
USA

3Department of Ecology and Evolutionary
Biology, University of Arizona, Tucson,
Arizona, USA

4Instituto de Geologia, Universidad
Nacional Auténoma de México, México
City, Mexico

5School of Biological Sciences, University
of Utah, Salt Lake City, Utah, USA

Correspondence

Brandon M. Strange, School of Natural
Resources and the Environment,
University of Arizona, Tucson, AZ, USA.
Email: bstrange@arizona.edu

Funding information

National Science Foundation, Grant/
Award Number: 1065790 and 1754430

1 | INTRODUCTION

| Russell K. Monson®® | Paul Szejner®* | Jim Ehleringer® |

Abstract

The US Southwest has been entrenched in a two-decade-long megadrought (MD), the
most severe since 800 CE, which threatens the long-term vitality and persistence of
regional montane forests. Here, we report that in the face of record low winter pre-
cipitation and increasing atmospheric aridity, seasonal activity of the North American
Monsoon (NAM) climate system brings sufficient precipitation during the height of
the summer to alleviate extreme tree water stress. We studied seasonally resolved,
tree-ring stable carbon isotope ratios across a 57-year time series (1960-2017) in 17
Ponderosa pine forests distributed across the NAM geographic domain. Our study
focused on the isotope dynamics of latewood (LW), which is produced in association
with NAM rains. During the MD, populations growing within the core region of the
NAM operated at lower intrinsic and higher evaporative water-use efficiencies (WUE,
and WUE,, respectively), compared to populations growing in the periphery of the
NAM domain, indicating less physiological water stress in those populations with ac-
cess to NAM moisture. The disparities in water-use efficiencies in periphery popula-
tions are due to a higher atmospheric vapor pressure deficit (VPD) and reduced access
to summer soil moisture. The buffering advantage of the NAM, however, is weaken-
ing. We observed that since the MD, the relationship between WUE, and WUE in
forests within the core NAM domain is shifting toward a drought response similar to
forests on the periphery of the NAM. After correcting for past increases in the at-
mospheric CO, concentration, we were able to isolate the LW time-series responses
to climate alone. This showed that the shift in the relation between WUE; and WUE,
was driven by the extreme increases in MD-associated VPD, with little advantageous

influence on stomatal conductance from increases in atmospheric CO, concentration.

KEYWORDS
ecophysiology, megadrought, North American Monsoon, stable isotopes, tree rings, water-use
efficiency

persisted in the Southwestern United States (SWUS). One recent

study estimated the current MD to be the most severe drought in

Since ~2000CE an extreme “megadrought” (MD), defined by two this region since at least 800CE (Williams et al., 2022), with the
continuous decades of anomalously low precipitation and elevated cause being attributed to progressive anthropogenic climate change
temperatures (Szejner et al., 2020, 2021; Williams et al., 2020), has (Williams et al., 2020). The MD has caused decreases in regional
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snowpack and shifts toward earlier melt dates (Mote et al., 2018;
Musselman et al., 2021), affecting montane forests that rely on win-
ter precipitation for growth (Szejner et al., 2020). In some regions,
extreme summer temperature maxima during the MD have ampli-
fied the effects of forest drought stress and increased tree mortal-
ity (Allen et al., 2010; Breshears et al., 2005; Ganey & Vojta, 2011;
Williams et al., 2013). In general, the pattern of forest response to
the MD has been highly variable, depending on location, and influ-
enced by regional climate gradients (Szejner et al., 2021). In cer-
tain forests, the North American Monsoon (NAM) climate system,
which can deliver up to 60% of the annual precipitation from July
to September (Sheppard et al., 2002), has interrupted summertime
drought extremes and potentially provided a reprieve from MD
stress. The degree to which this has occurred, however, is uncertain
given the unprecedented length and severity of the current drought.
In this study, we addressed this uncertainty by asking the question:
to what extent have NAM rains buffered forests against the extreme
conditions of the MD across its entire two-decade span?

Chronologies of tree-ring widths have been used in several past
studies of forest responses to climate in the SWUS, with an explicit
aim to examine the influence of the NAM on forest productivity
(Griffin et al., 2013; Kerhoulas et al., 2017; Peltier & Ogle, 2019;
Yocom et al., 2022). Our aim was to develop a more focused physio-
logical metric by which to explore these responses. We constructed
long-term time series of seasonally resolved ring width and stable
carbon isotopes for 17 forests distributed across the core and pe-
riphery of the NAM domain. We focused on ponderosa pine (Pinus
ponderosa) forests, which comprise a large percentage of montane
ecosystems in the SWUS. Montane ponderosa pine forests play
a major role in the carbon budget of the Western United States
(Schimel et al., 2002) and determine many of the regional snow hy-
drology dynamics (O'Donnell et al., 2021). To examine physiological
responses to NAM moisture, we used estimates of intrinsic water-
use efficiency (WUE,), derived from latewood (LW) carbon isotopic
ratios (*3C/*2C) of tree-ring cellulose. WUE, reflects the ratio of net
CO, assimilation rate (A) to stomatal conductance (g; Farquhar
et al., 1989), and has been shown to be sensitive to atmospheric
CO, concentrations (c,), vapor pressure deficit (VPD), and soil mois-
ture deficit (Andreu-Hayles et al., 2011; Francey & Farquhar, 1982;
Kannenberg et al., 2021; Saurer et al., 2004).

WUE; has increased globally over the past century along with c,
(Adams et al., 2020; Mathias & Thomas, 2021), and both decreases
in g, or increases in A can explain past trends in WUE;, depending
on region and forest type (Adams et al., 2020; Guerrieri et al., 2019;
Lavergne et al., 2019; Mathias & Thomas, 2021). An additional com-
plication is that reductions in g, can be caused by increases in c,
(Ainsworth & Rogers, 2007) or VPD (Grossiord et al., 2020), or both,
thus complicating insight into underlying causes. Even if the influ-
ences of ¢, and VPD on WUE, are resolved, however, there is uncer-
tainty about how well WUE; represents the true water use of a tree,
since the water-to-carbon tradeoff is ultimately determined by tran-
spiration rate (E), not g.. While independent observations of WUE;
provide insight into intrinsic controls over A and g, they only reflect

accurate patterns in E if they are evaluated at constant VPD or if the
effects of VPD on E are explicitly considered (Franks et al., 2013).

In semi-arid regions of the western United States. where aridity
(VPD) has steadily increased, it is becoming increasingly clear that
WUE; is not the best metric to represent any potential water sav-
ings through reductions in g.. Because of these challenges, we eval-
uated forest responses to the MD by employing not only WUE; but
also evaporative water-use efficiency (WUE.=A/(g,x VPD); or A/E).
Although WUE, is commonly referred to as instantaneous water-
use efficiency (Farquhar & Richards, 1984; Seibt et al., 2008), we
refer to it here as evaporative water-use efficiency, as it is used to
evaluate the response of E to increased aridity. By combining the
two WUE metrics, we accounted for both the indirect (through 35)
and direct (through E) responses of trees to increases in VPD. Our
primary aim was to examine the importance of the NAM in insulating
forests from drought stress during the current MD. Additionally, we
addressed two secondary objectives using the dual WUE approach:
(1) to isolate the direct and indirect responses of WUE to VPD, and
(2) to examine the potential for increased VPD during the MD to
enhance or mitigate the CO, sensitivity of WUE; and WUE_.

2 | MATERIALS AND METHODS
2.1 | Studyarea

The study was conducted at 17 forested sites spanning the geo-
graphic area between latitudes 32.41°N to 39.36°N and longitudes
105.77°W to 113.47°W (Figure 1). Montane forests in this area are
dominated by P. ponderosa subspecies brachyptera Engelm. The study
sites occur across a gradient of NAM precipitation where some sites
reliably receive summertime moisture from the NAM (referred to
here as the NAM-core), while others receive less precipitation from
the NAM (referred to as the NAM-periphery). Detailed maps of the
sites in relation to gradients in seasonal precipitation and atmos-
pheric VPD are shown in Figure 1.

2.2 | Sample collection and preparation

At each study site, 57-year chronologies, beginning in 1960, were
constructed of LW ring width index and **C/*2C carbon isotope
ratios of extracted LW cellulose. We collected two cores at breast
height from 10 to 20 trees at each site using 12 or 5mm increment
borers. Trees were selected on the following criteria: canopy domi-
nant, no apparent fire disturbances or forest management practices,
no apparent disease or dieback, and approximately 100-250years
old to ensure adequately sized rings for isotope analysis.

Each core was sanded with fine-grain sandpaper, scanned and
statistically cross-dated using COFECHA (Holmes, 1983). Annually
dated rings were subdivided into three sections: the earlywood por-
tion of the ring was divided into two halves (EW1 and EW2), while
the LW portion of the ring was its own section (LW). Each of the

9sULOI' suowWo)) dA1ea1)) d]qesrjdde ay) Aq pauIdA0T a1k S[ANIE () 2SN JO SI[NI 10] AIRIQIT UI[UQ AJ[IAY UO (SUONIPUO-PUE-SULIA)/ WO AS[IM"ATeIqI[our[uo//:sdny) suonipuo)) pue sua 1, oy} 998 [£70Z/90/1 1] uo A1eiqi auruQ A9[iA\ ‘1IeIqIT OpeIojo)) JO ANSIAAIUN AQ 79£91°405/1 11 1°01/10p/wiod Ao[im ATeiqiaurfuo//:sdny woij papeoumo( ‘0 ‘98%7S9<1



STRANGE ET AL. 3
Global Change Biology BAWVA| LEYJ—
(@) (b)
AMJ VPD (kPa) JAS VPD (kPa)
42°N | | 42°N
3.60 360
296 296
26°N 232 36°N 232
1.68 1.68
1.04 1.04
30°N 4 ; . 30°N 4 ; . ———
115°W 111.33°W  107.67°W 104°W 0.40 115°W 111.33°W  107.67°W 104°W 0.40
(c) (d)
AVPD (JAS - AMJ) (kPa) JJAS PPT (mm)
42°N — 42°N 1 —
| . | 1.100 ! 130
105
L 0550 80
36°N 36°N -
L0275 55
30
30°N 4 ; . 0275 30°N ; : 5
115°W 111.33°W  107.67°W 104°W 115°W 111.33°W  107.67°W 104°W

FIGURE 1 (a)lllustrates spring vapor pressure deficit (April, May, and June VPD). (b) Illustrates summer vapor pressure deficit (July,
August, and September VPD). (c) The difference between summer and spring vapor pressure deficit (AVPD), illustrating the influence of
the North American Monsoon on changes in vapor pressure deficit in the SWUS. (d) Illustrates the spatiotemporal patterns of the North
American Monsoon for the months June, July, August, and September. All plots are derived from averages from 1960 to 2017. Clusters
are denoted by shapes with circles representing NAM-core, diamonds representing NAM-periphery(a), and triangles representing NAM-
periphery(b). Corresponding site numbers and site metadata can be found in Table S12.

respective sections (EW1, EW2, and LW) were pooled for all trees
at a site to allow for a site-level representation for each section for
each respective year. At 10-year intervals, the ring from each indi-
vidual tree at a site was analyzed separately to assess the within-site
variability. In this study, we focused on LW ring widths and carbon
isotope ratios (5'°C) because this is the portion of the annual tree
ring that most reflects NAM activity (Meko & Baisan, 2001; Szejner
et al., 2016). However, EW1 and EW2 observations were also ana-
lyzed to remove seasonal covariance effects between EW and LW
(Szejner et al., 2018).

On each annual ring, we extracted the a-cellulose from each of the
three sub-annual sections following the Soxhlet method detailed in

(Leavitt & Danzer, 1993), with the addition of a sodium hydroxide step
as detailed in Szejner et al. (2016). The a-cellulose samples were then
analyzed for carbon isotopic ratios (5*3C) at the Stable Isotope Ratio
Facility for Environmental Research at the University of Utah or at the
Environmental Isotope Laboratory of the Department of Geosciences
at the University of Arizona. The ratios of 13¢/12C were measured
for the CO, produced during a-cellulose combustion using EA-IRMS.
Internal reference materials were two glutamic acids with different
carbon isotope ratios, calibrated against the USGS40 and USGS41
glutamic acid standards. Values are expressed in the delta (5) notation
relative to the §'°C Vienna Peedee Belemnite (%o). The §'°C measure-
ment precision estimated from quality control standards was <0.2%o..
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2.3 | Removing early-season influence on LW
isotope chronologies

As previous studies have shown that cross-correlations between
EW and LW carbon isotopes exist in chronologies from this region
(Szejner et al., 2018), we statistically removed any early-season influ-
ence on our LW isotope chronologies, producing an independent iso-
tope chronology (referred to as LW adjusted or LWadj). We modified
the linear regression method from (Meko & Baisan, 2001) in line with
(Szejner et al., 2018) to accomplish this. We first averaged EW1 and
EW2 values to estimate total EW §°C (which covers the spring and
early-summer growth period), then linearly regressed EW against
LW carbon isotope chronologies, and finally calculated a residual
chronology for each site (subtracting the predicted value from the
measured value). As we were calculating WUE, we performed the
additional step of adding the mean LW carbon isotope value back to
the residuals, yielding our final LWadj chronologies. This ensures that
LWadj values are scaled to the original §*3C time series and suitable
for calculating both WUE metrics. The LWadJ.
for all subsequent analyses. Examples of how the LWadj chronolo-

chronologies were used

gies are calculated can be found in Figure S1. We used three illustra-
tive examples to demonstrate how the correction strength varied
depending on the relationship between EW 8*3C and LW §'°C, that
is, the correction is larger at sites where there is a strong relation-
ship between EW 8*3C and LW 8*3C and smaller at sites where the

relationship is weaker.

2.4 | Calculating WUE, and WUE_

To estimate intrinsic and evaporative water-use efficiency, we first
calculated the isotopic discrimination (A, %) for each chronology
using the linear model from (Farquhar et al., 1989), including the step
of dividing the 513C of the sample by 1000 in the denominator.

ssource — ssample

= T O 1
1+ s5sample / 1000 )

is the 8'°C of

a-cellulose from the tree ring. Following our calculation of isotopic

is the 8'3C of atmospheric CO,and §

where §, Lample

source

discrimination, we estimated the intercellular concentration of carbon
dioxide (c; Farquhar et al., 1982).

ci:<é_a>ca (2)
b-a

where A is the isotopic discrimination of the sample, a the fraction-

ation associated with CO, diffusion (4.4%), b the mean fractionation
associated with Rubisco carboxylation when derived from leaf gas-
exchange observations (25.5%o), and c, (ppm) is the atmospheric CO,
concentration. The b term we use, 25.5%o, is drawn from a recent study
that proposed an update from the previous value of 27%. by Cernusak
and Ubierna (2022). Although the updated value is drawn from whole
wood and we use a-cellulose, we believe it to be a better approxima-
tion of the Rubisco fractionation factor than the previous estimate of

27%o. We provide a sensitivity analysis illustrating the discrepancies in
WUEI, between the two b fractionation factors in Figure S2.

Using estimated c;, we calculated intrinsic water-use efficiency
(WUE,, Figure 2), the ratio of assimilation/stomatal conductance
using the following equation:

A 8c02(5a - Ci) c,— ¢ 3)

WUE. = 2 = =
8s 8H,0 16

where A is the carbon assimilation, g, the stomatal conductance, 3co,
the stomatal conductance to CO, gco, the stomatal conductance to
H,O, and 1.6 is the ratio of diffusivities of water vapor and CO,. In
addition to calculating WUE;, we calculated evaporative water-use ef-
ficiency (WUEy, Figure 2), reflecting the ratio of assimilation/transpira-
tion using the following equation:

8o, (G-a) _ (ca—a)

" 1.6vpd “

WUE = £ =
1,0 (g,-e,)
where E is the transpiration rate, e, the density (kg m%) of water vapor
inside the leaf, e, the density (kg m~3) of water vapor in the atmosphere,
and e;-e, the local VPD between the saturated leaf and unsaturated
atmosphere. One important distinction between our calculations of
WUE; and WUE_ is that units of c, ¢, e, e,, and VPD in WUE_ were
converted to a density (kg m %) to allow for the ratio of A/E to be accu-
rately represented.

2.5 | Climate data

Precipitation, dew point temperature, and ambient air tempera-
ture were downloaded from the PRISM climate data explorer
(https://www.prism.oregonstate.edu/explorer/). Calculations for
atmospheric VPD from dew point temperature and ambient air tem-
perature were based on derivations from (Buck, 1981). To use the es-
timated atmospheric VPD as an analog of the local leaf-to-air VPD, in
Equation (4), we assumed that needle temperature and atmospheric
temperature are equal and that the air temperature derived from
the PRISM database is equal to that within tree crowns. We note
that Ponderosa pine stands have relatively open canopies and that
pine needles are well-coupled to air temperature through efficient
convective heat exchange (Schifer et al., 2010). For seasonal aver-
ages of VPD, we used monthly averages of VPD derived from PRISM
and then calculated the mean across the months in the window (e.g.,
JJAS). For seasonal precipitation, we summed the precipitation esti-
mates for each month in the window and calculated the accumulated

precipitation across that window (e.g., ONDJFM).

2.6 | Hierarchical clustering and mixed
effects modeling

To identify dominant modes of WUE, variability across our 17 sites,
we used an agglomerative hierarchical clustering approach, using
the Ward error sum of squares hierarchical clustering method
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FIGURE 2 Summaries of WUE, (Assimilation [A]/stomatal conductance [g.]), WUE (A/transpiration [E]), and the ratio of intercellular to
atmospheric CO, concentrations (ci/ca) for NAM-core (a, d, g), NAM-periphery(a) (b, e, h), and NAM-periphery(b) (c, f, i). Solid lines represent
means from all sites and shaded regions represent the range from the 10th to 90th percentiles for all sites per year. Vertical dashed lines

show the onset of the MD.

(Ward, 1963). This method was used as it does not require a speci-
fied number of groups to fit the data to, but rather identifies a num-
ber of maximally similar groups based on the chosen characteristic,
which in this case was WUE,. By iteratively identifying the most simi-
lar WUE;, time series until only one group (all the time series) remains,
this approach allowed us to determine the which sites were most
similar in terms of physiology and to what degree (Figure S3). This
analysis was computationally performed using the SciPy package
(Virtanen et al., 2020) in the Python programming language.

To determine the influence of climate and environmental vari-
ables on WUE;, we used mixed effects linear models for each clus-
ter with WUE; as the dependent variable; we used c,, warm-season
precipitation (JJAS), cool-season precipitation (ONDJFM), warm-
season VPD (JJAS), and interactions between warm-season VPD
and precipitation variables as the independent variables and site as
arandom effect for this modeling. We grouped all the sites within a

cluster together to identify general patterns, and then fit the model
across the entire period (1960-2017) for each cluster. Significance
for each variable in the model was determined via an alpha value
of 0.05. Mixed effects linear modeling was carried out using the
Statsmodels package (Seabold & Perktold, 2010) in the Python pro-

gramming language.

2.7 | WUE, WUE, and c, trend residuals

To assess the potential for increasing VPD to force higher E, inde-
pendent of decreases in g,, we examined the relationship between
changes in WUE, (sensitive to g) and changes in WUE_ (sensitive
to g,*VPD). Because each WUE time series showed clear increas-
ing trends that strongly correlated with trends in c, (Figure 2), we
first needed to remove the increasing c, trend, to isolate climate and
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environmental influences on WUE. To do so, we calculated the resid-
uals by linearly regressing each WUE metric (WUE, and WUE[) time
series from 1960 to 2017 with c, and subtracting the actual values
of WUE from the predicted values of WUE. We stress that although
we remove the trend of increasing ¢, from the WUE time series, the
impact of c, is still present in some capacity on plant physiology (g,
and E). Thus, our interpretation still invokes the response of these
physiological variables to increasing c,. The use of residuals allowed
us to also identify plant physiological responses to climate which
would otherwise be obscured by the large increasing trend of c,. We
then regressed the residuals from the two WUE terms against each
other to assess the intrinsic (WUE, through g.) and extrinsic (WUE,
through VPD) controls on tree responses to the MD.

2.8 | RWIlanalysis

Ring width measurements for earlywood and LW were made on
each core collected prior to isotope processing with the Windendro
software. Cross-dated series were then detrended using a 100-year
spline to preserve high and medium frequency variability. Site chro-
nologies were then calculated using Tukey's biweight robust mean.
All RWI chronologies used in these analyses were created using the
dplIR package in the R programming language (Bunn, 2008). When
comparing RWI across clusters, we averaged the RWI for each year
and calculated the 10th and 90th percentiles to illustrate variability

among the sites in a cluster for a given year.

3 | RESULTS

3.1 | Dominantresponses to the MD among 17
forest sites

Three primary clusters emerged from the agglomerative hier-
archical clustering analysis: (1) NAM-core, which exhibited low
WUE,, (2) NAM-periphery(a), which exhibited higher WUE,, and (3)

NAM-periphery(b), which exhibited the highest WUE,. The differ-
ences in WUE, between the three clusters were apparent through-
out the entire time series but diverged to an extreme with the onset
of the MD (Figure 2a-c), at which point all forests experienced their
sharpest increases in WUE; (NAM-periphery—21%-24%; NAM-
core—19%; p <.001) and decreases in c/c, (Table 1, Figure 2).

3.2 | Physiological responses as indicated in the c,
response to increasing c,

From 1960 to 2017, c, increased from 316 to 405ppm and mean c;
(estimated from the cross-season adjusted, LW isotope signal LWadj
§13C) also increased across all clusters (Table S1). The ¢,/c, ratio for
the pre-MD and MD periods was relatively stable for NAM-core for-
ests, with amean of 0.6, although early in the MD (2002) ¢,/c, tempo-
rarily decreased (Figure 2). However, forests in the NAM-periphery
clusters showed highly variable c;/c, values during the pre-MD and
MD periods (Figure 2), with significant reductions during the MD,
and with the largest reductions occurring in NAM-periphery(b) sites
(7.4%, p<.001, Table 1).

For the NAM-core cluster, our mixed effects model explained
71% of the variance in WUE;; WUE; was influenced by c, (p<.001)
and a positive interaction of warm-season precipitation and cool-
season precipitation (p<.05, Table S2). The model for the NAM-
periphery(a) cluster, explained 74% of the variance in WUE; WUE,
was influenced by c, (p<.001), cool-season precipitation (p=.054),
and a negative interaction between warm-season precipitation
and warm-season VPD (p<.001, Table S3). The NAM-periphery(b)
model explained 75% of the variance in WUE;; WUE; was influenced
by c, (p<.001), cool-season precipitation (p <.005), and a positive in-
teraction between cool-season precipitation and warm-season VPD
(p<.005, Table S4).

The primary difference in climate-WUE, sensitivity among the
three clusters, derived from our mixed effects models, was that
NAM-core cluster sites showed no significant direct sensitivity to

interannual variance in precipitation amount or VPD. Instead, the

TABLE 1 Mean values for both WUE and c;/c, by period with % change from pre-MD to MD.

1960-1999
Variable (pre-MD) 2000-2017 (MD)
WUE,-NC (pmolmol™) 83.32 98.96
WUE;-NP(a) (molmol ™) 93.89 113.54
WUE;-NP(b) (umolmol™)  98.33 122.8

WUE,- NC (mmolmol™) 10.18 10.93

WUE,- NP(a) (mmolmol™) 11.87 12.48

WUE- NP(b) (mmolmol™)  11.37 12.16

¢;/c,-NC 0.61 0.58

¢,/c,-NP(a) 0.56 0.53

¢;/c,-NP(b) 0.53 0.49

% change pre-MD t-statistic for %

to MD p-value for % change change
18.8 1.96e-12 -9.2
20.93 1.3e-12 -9.1
24.9 1.09e-18 -13.1
7.37 0.02 -2.5
5.14 0.06 -1.9
6.95 0.00 =3
-4.9 4.9e-5 4.4
-5.4 0.0 3.9
-7.5 1.8e-10 7.8

Note: The abbreviations “NC” and “NP” represent NAM-core and NAM-periphery, respectively.
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positive interaction term between warm-season precipitation and
cool-season precipitation for the NAM-core cluster indicates that
during wet winters, WUE, is more sensitive to warm-season pre-
cipitation. The NAM-periphery sites, however, showed a direct
sensitivity to precipitation, though in this case it was cool-season
precipitation, not NAM precipitation. For the NAM-periphery(a)
cluster sites, the negative interaction term between warm-season
precipitation and VPD indicates that years with low warm-season
precipitation lead to higher sensitivity to warm-season VPD. Finally,
for the NAM-periphery(b) cluster sites, the positive interaction term
between cool-season precipitation and warm-season VPD indicates
that during years with high cool-season precipitation, WUE, is more
sensitive to warm-season VPD.

We performed additional mixed effects modeling on WUE_ to as-
sess its sensitivity to climate and environmental factors. Sites in the
NAM-core and NAM-periphery(a) clusters showed significant sen-
sitivity (p<.005) to NAM precipitation, warm-season VPD, c,, and
an interaction between NAM precipitation and warm-season VPD
(Tables S3 and S5). NAM-periphery(b) sites exhibited similar sensi-
tivities as the two other clusters but were additionally sensitive to
winter precipitation and an interaction between winter precipitation
and warm-season VPD (p<.01; Table S7). The additional influence
of winter precipitation indicates that in these sites which receive the
least annual precipitation, winter precipitation dynamics, in addition
to NAM precipitation, influence late-season WUE.. We additionally
report correlation coefficients for WUE, and WUE;, versus climate
and c, for both the pre-MD and MD periods in Tables S8-510.

We found that the clustering of sites by WUE, generally cor-
related with NAM intensity (Figure 1); the NAM-core forests were
located at more southerly latitudes, associated with the core of the
NAM domain, and the NAM-periphery sites were located at more
northerly latitudes at the edge of the NAM domain. However, some
sites located in the more southerly latitudes, such as Sites 11, 12, and
13 in Figure 1 (GHP, SPP, and CDT) did not cluster with the NAM-
core sites. These sites are in areas where the NAM, on average, does
not deliver large amounts of precipitation (Figure 1). All three sites
are in mountain ranges that lie just beyond the northeastern bulge
of NAM precipitation that pushes into southwestern New Mexico
(Figure 1d), which could cause patterns in their WUE; values to bet-

ter align with NAM-periphery sites.

3.3 | Climate dynamics

We observed large shifts in the hydroclimate toward drier condi-
tions at all sites during the MD (Figure 3, Table S1). Mean values
of warm-season precipitation decreased in all clusters from the
pre-MD to MD periods, with NAM-core sites decreasing the most
(12% decline), though this decrease was primarily driven by a few
exceptionally low precipitation years, for example, 2000-2002.
Similarly, we observed decreases in cool-season precipitation in all
clusters from the pre-MD to the MD periods, ranging from 6.6% to
25% reductions for NAM-periphery(a) and NAM-core, respectively.

ST i

Concurrent with decreases in precipitation, we observed increases
in warm-season VPD from pre-MD to MD across all clusters with
the greatest increase occurring in NAM-periphery(a) sites (14.7%,
p<.001) and NAM-periphery(b) sites (12.6%, p <.001). Summer VPD
increased least in the NAM-core sites (7%, p<.01, Table S1). Thus,
the sites within the core NAM region exhibited the largest decreases
in warm-season precipitation but were buffered from the most ex-

treme increases in warm-season VPD.

3.4 | Relationship between WUE, and WUE,

By examining the relationship between WUE_ residuals (x-axis) and
WUE; residuals (y-axis) for two time periods, pre-MD (1960-1999)
and MD (2000-2017; Figure 4), we identified three scenarios based
on a combination of three metrics: level of statistical significance
(p-value), variance for the dependent variable that is explained by
the independent variable (R? value), and skewness in the WUE; and
WUE, residuals (positive or negative). (1) The first scenario we iden-
tified (Scenario 1) consists of a shallow and positive relationship be-
tween the residuals (p<.01, R2>‘1), which indicates more positive
anomalies in WUE, than WUE, (Figure 4g). In our study, we found
that this scenario arose primarily as a result of WUE, residuals with
a positive skew >1 and a mean near O (x-axis), while the distribution
of WUE, residuals generally adhered to normality (mean near zero
and skewness <|0.5|, y-axis). A greater positive skew in WUE indi-
cates that E responds to years with cooler climate and lower VPD;
the clustering of WUE; residuals around O indicates that g, is less
responsive to climate. This suggests that high WUE_ occurs under
a less responsive or constrained g, potentially due to elevated CO,,
which may have muted the sensitivity of WUE; to climate. The NAM-
core cluster during the pre-MD period was the only group to clearly
exhibit this relationship (p <.01, R2=.22; Figure 4a, Table $12).

The second scenario (Scenario Il) we identified showed no sig-
nificant correlation between residuals (p>.01, R?<.1, Figure 4h),
with normally distributed residuals for both WUE; and WUE
(mean near 0 and skewness <|0.5|). Normally distributed residuals
of each WUE metric with a mean value near O indicate that both
g, and E had similar sensitivities to climate, and that g, exerted a
primary control over E. By inference, this means that the elevated
CO, effect on g, was absent or negligible. The NAM-core clus-
ter during the MD period was in this second category (Figure 4d,
Table S12).

The third scenario (Scenario Ill) we identified is similar to
Scenario |, where the relationship in the WUE residuals is positive
(p<.01, R?>.1), but the difference is that in Scenario IlI, the slope
of the relationship is steeper. A steeper slope indicates more posi-
tive residuals in WUE, (y-axis) than in WUE_ (x-axis; Figure 4i). This
steep slope can be driven by positive WUE; means, and by differing
degrees of negative WUE, means and skewness. In this third sce-
nario, the steeper relationship between the WUE residuals suggests
that high rates of E occur under low g, or in other words, the high
reductions in g, (therefore high WUE)) do not achieve concomitant
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FIGURE 3 Summaries of cool-season precipitation (a-c), monsoon precipitation (d-f), and warm-season vapor pressure deficit (g-i).
Clusters are aligned by column with each row representing the aforementioned variables. Shaded regions represent the range between the
10th and 90th percentile for each year while the horizontal dashed lines represent the pre-megadrought mean for each variable.

reductions in E (increases in WUE). This implies three things: (1) g
is not the primary driver of E, (2) VPD is the primary driver of E, and
(3) there is no CO, enhancement effect. The NAM-periphery(a) and
NAM-periphery(b) clusters during the MD fell into this third cate-
gory (Figure 4e,f).

We suggest that both the NAM-periphery(a) and NAM-
periphery(b) clusters during the pre-MD period exist between
scenarios | and Ill, where they exhibited p<.01, but the NAM-
periphery clusters exhibited lower R? values (R*=.17 for NAM-
periphery(a); R?=.16 for NAM-periphery(b)), indicating a weaker
relationship (Figure 4b,c). The slope in the WUE residual relation-
ships for NAM-periphery(a) (slope=2.28) and NAM-periphery(b)
(slope=2.52) is also not as steep as the slopes of the WUE resid-
ual relationships for Scenario Il (slope >4). This implies that these
clusters may realize some of the benefits of elevated c, (Scenario
1), but are still experiencing considerable drought stress (Scenario
I11). See Table S11 for a comprehensive explanation of the three
scenarios. We additionally report the mean and skewness of each

cluster's WUE and WUE; residuals for each period (pre-MD and
MD) in Table S12.

These results show that from pre-MD to MD, the NAM-periphery
sites transitioned from residuals having a weak relationship to resid-
uals having a steep, strong relationship. This indicates that as aridity
increased during the MD, trees in these clusters experienced higher
rates of E (illustrated by reductions in WUE, residuals), despite re-
ductions in g (illustrated by increases in WUE, residuals). NAM-core
sites transitioned from residuals in Scenario | to residuals having no
relationship (Scenario Il), indicating that the benefits of elevated at-
mospheric CO, diminished during the extremely arid MD and caused
an increase in the sensitivity of g, to climate.

3.5 | Tree growth and WUE relationship

To understand how tree growth responses were influenced in the
pre-MD and MD periods, we also examined LW ring width index
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FIGURE 4 Residual plots separated by pre-MD period (a-c) and MD (d-f) for the three clusters. Lines are drawn on plots with a
relationship (R?>.1) with slope denoted in text on the plots. (g) The first scenario (elevated CO, reducing stomatal responsiveness), (h) The
second scenario (responsive g,), and (i) The third scenario (decoupled g, and E). The colored boundaries around panels a-f. correspond to the
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(RWI) across the whole time series (Figure 5). When we compared
RWI among the three clusters, we did not find significant differ-
ences across the entire time series, although we did find higher
RWI variance in the NAM-periphery(b) sites (Figure 5). All three
clusters also showed strong reductions in growth in response
to the extreme drought of 2002 with the NAM-core, NAM-
periphery(a), and NAM-periphery(b) showing a growth reduction
of 45%, 66%, and 78%, respectively. Although the drought of 2002
was notable in the RWI of each cluster, it was most distinct in sites
falling outside of the NAM domain. Interestingly, while RWI across
all clusters appeared to recover following the drought of 2002,

WUE; continued to increase.

4 | DISCUSSION

Our overall findings demonstrate that the MD has affected for-
ests within the core NAM domain differently than forests within
the periphery of the NAM domain. We found that during the MD,
forests within the core of the NAM domain have been able to limit
water loss through inherent physiological adjustments (effective
control of E through decreases in g), while forests at the fringe of
the NAM domain have not (lack of control over E despite decreases
in g ). We were able to make these observations by employing the
dual WUE; and WUE; approach, which allows the partitioning of
physiological and environmental influences on plant water use.
We also found that the benefit of past increases in atmospheric
CO, was not adequate to insulate these forests from enhanced

drought stress during the MD, except with the additional benefit
of reduced VPD via NAM rains. These conclusions are derived
from the residual analysis which showed that NAM-periphery for-
ests exhibited responsive g, values and NAM-core sites had con-
strained or less responsive g values during the pre-MD period,
likely due to elevated c, reducing the sensitivity of g_ to climate.
However, during the MD, NAM-core sites showed g, becoming
more climate sensitive and NAM-periphery sites showed a decou-
pling of g, and E, suggesting that the benefit of past increases inc,
did not adequately insulate forests from extreme drought stress.
These results demonstrate that if extreme drought conditions
continue, the NAM may not be able to continue buffering forests

within its domain.

4.1 | WUE;, WUE, and ¢/c, in a persistent MD

We observed a relatively constant c/c,, ~0.6 and 0.56, for NAM-
core and NAM-periphery(a) trees, respectively, which periodically
decreased during exceptional drought years, for example, 2002.
These results are consistent with optimality theory that interprets
¢/c, as a homeostatic set point (Ehleringer & Cerling, 1995), which is
coordinated by adaptive responses of g, and A (Voelker et al., 2016).
However, trees at the NAM-periphery(b) sites shifted to lower mean
¢,/c, values at the onset of the MD in 2002, which have yet to recover,
suggesting an operational shift in the set point during the prolonged
aridity of the MD. The long-term implications of this set point change
are unclear, but sustained reductions in carbon fixation in the face of
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dashed line represents the mean of the standardized RWI.

lower ¢; will potentially reduce the growth of these trees, challenge
their ability to defend against herbivores and pathogens, and weaken
the carbon sink of the entire SWUS (Piper & Paula, 2020).

Although NAM-periphery trees showed evidence of decreasing
g, and increasing WUE, during the MD, our findings suggest no ad-
ditional water savings were achieved through decreases in E. These
results are consistent with past tree-ring isotope observations that
show that despite a 22% increase in WUE, for European conifer-
ous forests during the 20th century, E still increased by 5% (Frank
et al., 2015). In general, g, decreases with increasing temperatures
and VPD, thus limiting increases to E (Cech et al., 2003; Drake
et al., 1997; Leuzinger & Korner, 2007). However, under conditions
of sustained drought with high VPD, such as during the warm season
at NAM-periphery sites, rates of E can remain high, despite low g,
and high WUE,. Given that WUE,; reflects the ratio of A/g_and is only
a general proxy of water use by plants under ideal situations, the in-
corporation of WUE, which accounts for E more explicitly is neces-
sary to diagnose the decoupling of g, and E under extreme drought.

An inability to control E, and thus mitigate low WUE, during per-
sistent drought could be due to inadequate adaptive mechanisms.
Coniferous species, including P. ponderosa, are known to sustain
some significant level of g, even during high VPD, rendering nee-
dle transpiration rates susceptible to evaporative forces (Monson
& Grant, 1989), and more generally, residual transpiration through
leaves and needles with relatively closed stomata is common (Boyer
et al.,, 1997; Cochard, 2020; Duursma et al., 2019; Riederer &
Schreiber, 2001). It remains to be seen whether a future intensifica-
tion of the drought, or the long-term effects of the drought to date,
impact the fitness of trees in these forests to the point of imposing
community shifts in tree phenotypes or even species replacements.

The decoupling of RWI and WUE, during the MD contrasts with
what has been found in other studies (Anderson et al., 1998), where
RWI and 8*3C were strongly coupled during drought years. However,
the decoupling that we observed is consistent with findings that RWI
can be less sensitive to climate than 8°C (Cernusak & English, 2015;
Hartl-Meier et al., 2015). Multiple factors, such as water availability
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and VPD interact to influence xylem formation, and for LW forma-
tion, carbon availability is also a key factor. The climate influence on
5°Cand WU E, however, is expressed through responsesin g and ¢,
which at the leaf level can be highly sensitive to climate. Increasing c,
can also influence WUE, but may not influence RWI.

From our findings, we propose the use of the dual WUE approach
(WUEi vs WUEE) to provide a more extensive evaluation of forest re-
sponse to drought, especially in semi-arid and arid landscapes where
water is limiting. While WUE, has its strengths in evaluating plant
physiological responses to climate and elevated CO, concentrations
in more mesic environments or during pluvial periods, elevated VPD
in future drought conditions necessitates the use of WUE in water-
limited ecosystems to account for the role of increased atmospheric
aridity on plant water use. The sole reliance on WUE; to examine
forest responses in these semi-arid landscapes to changing climatic
conditions may conflate decreased g, with increased water savings,
which we show in this study does not hold true under heightened
aridity where a decoupling of g, and E may occur.

4.2 | Therole of increased c, on drought responses
in SWUS forests

Recently, studies have demonstrated that increased atmospheric
CO, can limit the impacts of increased drought conditions on forests
as ambient air temperatures rise (Kirschbaum & McMillan, 2018;
Norby & Zak, 2011). Increases in atmospheric CO, concentra-
tions reduce g, which then reduces E, and this can lead to critical
water savings under drought conditions (Sellers et al., 1996; Swann
et al., 2016). Our results, however, suggest that any beneficial effect
of c, on E is mitigated during a drought as extreme as the current
MD. In our observations, as VPD increased in conjunction with c,
g, did indeed decrease, but the role of increased VPD appeared to
supersede any benefit of elevated c, as heightened evaporative de-
mand drove increased E and reduced WUE.

The one case in our study in which c, had a buffering effect on
WUE; and WUE_ was for trees in the NAM-core sites during the
pre-MD period (Figure 4a). We hypothesize that mitigation of high
summertime VPD by the NAM during the pre-MD period, in con-
junction with increasing c,, led to decreases in g, and water savings
for these sites. However, we saw limited or no evidence of the CO,
effect for any of the other clusters during the pre-MD or MD period.
Again, our approach of incorporating WUE_ in addition to WUE; al-
lowed us to make this observation, where the sole use of either WUE

metric would not have allowed us this insight.
4.3 | Will the NAM continue to buffer forests
against extreme drought stress?

It is clear from our study that the impacts of the extreme 20th cen-
tury MD in the SWUS have been experienced differently across

oo, NSRS

regional forests. In the geographic domain of the NAM climate sys-
tem, these summer rains have provided a “silver lining” in an other-
wise challenging landscape. Warm-season NAM moisture appears to
have buffered forests within the core of the NAM domain from the
risk of long-term desiccation during the ongoing MD. Conversely,
forests on the periphery of the NAM region experienced greater
physiological stress during the MD, and more importantly appear to
be incapable of mitigating the stress through inherent physiological
adjustments.

Whether the buffering nature of the NAM continues to hold as
the MD proceeds is uncertain—the NAM is a highly stochastic climate
feature and difficult to describe in climate model projections (Cook
& Seager, 2013; Meyer & Jin, 2017; Pascale et al., 2017). Shorter
duration of NAM rains, or complete failure of the NAM, in a continu-
ing MD would contribute to higher warm-season VPD and dimin-
ish the buffering effect that it has on NAM-core sites. Additionally,
our analysis illustrates that the once buffered NAM-core forests
have more recently transitioned from a favorable drought response
(Figure 4g) to a less favorable drought response (Figure 4h), while
NAM-periphery forests transitioned from a less favorable drought
response to an inadequate drought response (Figure 4i). We hypoth-
esize that the NAM-core forests are on the same trajectory as the
NAM-periphery, but they are lagged by one step in the sequence.
It remains to be seen if NAM-core forests will progress to the final
scenario (desiccation and decoupling of g, and E; Figure 4i), but in-
creased drought frequency, intensity, and duration will likely drive

these forests further along this trajectory.
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