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Abstract
Recent analyses on the length of drought recovery in forests have shown multi-year legacies, particularly in semi-arid, conif-
erous ecosystems. Such legacies are usually attributed to ecophysiological memory, although drought frequency itself, and 
its effect on overlapping recovery times, could also contribute. Here, we describe a multi-decadal study of drought legacies 
using tree-ring carbon-isotope ratios (δ13C) and ring-width index (RWI) in Pinus ponderosa at 13 montane sites traversing 
a winter–summer precipitation gradient in the Southwestern U.S. Sites and trees were selected to avoid collection biases 
that exist in archived tree-ring databanks. The spatial hydroclimate gradient and winter–summer seasonal patterns were well 
predicted by seasonal and inter-annual correlations between δ13C and atmospheric vapor pressure deficit (VPD). Using VPD, 
we found that the probability of extreme drought has increased up to 70% in this region during the past two decades. When 
the recent increase in drought frequency was not considered, multi-year legacies in both δ13C and RWI were observed at 
most sites. When the increase in drought frequency was detrended from tree-ring chronologies, some sites exhibited short 
legacies (1–2 years) in both δ13C and RWI, and there was a sight trend for longer legacies in RWI. However, when considered 
broadly across the region and multiple decades, no significant legacies were observed, which contrasts with past studies. Our 
results reveal that a contribution to observed multi-year legacies is related to shifts in the climate system itself, an exogenous 
factor, that must be considered along with physiological memory.

Keywords Pulse–press disturbance · Xylem vulnerability · Stress recovery · Stress memory · Hot droughts · Climate 
change · Vapor pressure deficit · Modeling

Introduction

While trends in the intensity and areal coverage of droughts 
over the past century are uncertain (Dai et al. 2004; Hun-
tington 2006; Sheffield et al. 2012; Dai 2013; Trenberth 
et al. 2014; Prein et al. 2016), continued climate warming 
will most likely cause increased drought in both of these 
dimensions, especially in semi-arid and arid regions (Cook 
et al. 2015; Touma et al. 2015). Greater drought stress would 
compromise the capacity of global ecosystems to sequester 
carbon from the atmosphere (Anderegg et al. 2015; Schwalm 
et al. 2017; Mekonnen et al. 2017) and potentially enhance 
positive climate feedbacks leading to even greater warming 
(Stark et al. 2016). Regional changes in precipitation and 
humidity are expected to amplify historical trends, causing 
drier regions to get drier and wetter regions to get wetter, 
posing an external threat to already vulnerable water-lim-
ited forest ecosystems (Williams et al. 2013; Trenberth et al. 
2014; Ficklin and Novick 2017; Dorado-Liñán et al. 2019). 
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Recent model projections indicate that the Southwestern 
U.S. (hereafter SW) will experience more frequent and hot-
ter droughts (Seager et al. 2013; Ault et al. 2016; Prein et al. 
2016), which have been linked to structural changes in for-
ested ecosystems and mass mortality of trees (McDowell 
et al. 2015; Allen et al. 2015; Hartmann et al. 2018). Uncer-
tainties in the magnitude, frequency and impact of droughts 
will challenge our ability to accurately predict changes in 
regional-to-global carbon and water cycles (Poulter et al. 
2014; Anderegg et al. 2015; Biederman et al. 2017; Kolus 
et al. 2019; Pugh et al. 2019).

Recently, research has focused on persistent, multi-year 
influences of droughts on forest tree growth—so-called 
drought legacy effects (Reichstein et al. 2013; Anderegg 
et al. 2015; Ogle et al. 2015; Peltier et al. 2016; Schwalm 
et al. 2017; Kannenberg et al. 2019a, b; Peltier and Ogle 
2019a). Studies using multi-decadal tree-ring width indices 
(RWI) have suggested that the impact of extreme drought 
on net primary productivity (NPP) can last up to several 
years and that the impacts are greatest in semi-arid needle-
leaf forests in the Northern Hemisphere (Anderegg et al. 
2015; Peltier et al. 2016; Wu et al. 2017; Peltier and Ogle 
2019a). One factor that has not received adequate attention 
in characterizing post-drought legacies is the potential for a 
change in the frequency of drought events themselves; that 
is, a climate effect on drought legacies, as an additive or syn-
ergistic influence on ecophysiological memory (Kannenberg 
et al. 2019a; Peltier and Ogle 2019b). In several past stud-
ies, legacy causes have been attributed to both exogenous 
(e.g., abiotic) and endogenous (e.g., physiological) factors, 
with most attention given to the latter (Barron-Gafford et al. 
2014; Anderegg et al. 2015; Ogle et al. 2015; Peltier et al. 
2016, 2017; Peltier and Ogle 2019a). Endogenous factors 
include limitations in the availability of non-structural car-
bohydrate (NSC) reserves that maintain turgor pressure and 
sustain recovery processes following stress (Hacke et al. 
2001; Timofeeva et al. 2017; Adams et al. 2017; Schön-
beck et al. 2018; Peltier and Ogle 2019a), pre-drought pho-
tosynthetic potential (Barron-Gafford et al. 2014), growth 
potential (Lloret et al. 2011; Peltier et al. 2016), hysteresis in 
stomatal conductance (Powell et al. 2013; Ogle et al. 2015), 
and biomass allocation limitations in the capacity for trees 
to construct leaves, xylem and fine roots following drought 
(Farrior et al. 2013; Powell et al. 2013). All of these effects 
might cause reduced growth in the immediate years follow-
ing a drought, producing a drought ‘memory’. Abiotic exog-
enous factors, such as the frequency of drought events, can 
directly influence the span of drought memory, especially 
when the effects of the events overlap in time. The influences 
of increased drought frequency on ecophysiological memory 
can potentially amplify negative carbon balances and push 
forest ecosystems past thresholds of sustainability (Sevanto 
et al. 2014; Serra-Maluquer et al. 2018; Peltier and Ogle 

2019a). These effects on the forests can result in progres-
sive declines in tree fitness, cascading patterns of mass tree 
mortality, and the establishment of novel ecosystem states 
(Breshears et al. 2005; McDowell et al. 2015; Allen et al. 
2015; Hartmann et al. 2018; Hammond et al. 2019). These 
effects are especially important in the southwestern US, the 
region that serves as the focus of this study.

We conducted observations of cellulose carbon-isotope 
ratios (δ13C) and ring-width indices (RWI), seasonally 
resolved with respect to spring and summer, in the early-
wood and latewood of Pinus ponderosa (Douglas ex C. Law-
son) trees from 13 montane forests to gain an understanding 
of the causes and patterns of drought-related legacies. Car-
bon-isotope ratios provided an integrated assessment of mul-
tiple interacting influences of drought on tree carbon assimi-
lation and water use. Tree-ring width analyses provided us 
with a relative and time-integrated metric of aboveground 
growth and NPP (Kozlowski et al. 1991; Babst et al. 2014). 
Past studies have shown a positive correlation between δ13C 
and RWI that is consistent with a correlated effect of drought 
on both the physiological determinants of leaf-scale fraction-
ation and woody biomass increase (Francey and Farquhar 
1982). We used the theoretical and observational support 
for these correlations as justification to examine patterns 
in both δ13C and RWI, and as a means to evaluate both 
endogenous and exogenous components of drought lega-
cies. The study region that we chose includes a latitudinal 
gradient in the relative abundances of winter–spring versus 
summer precipitation, but with similar montane vegetation, 
community structure and species composition. We chose 
to focus on Pinus ponderosa because it is the dominant 
tree species of most montane, mid-elevation forests in the 
Western U.S. Our analysis differs from those in many past 
studies of drought legacies in that we: (1) chose sites and 
trees to provide systematic coverage across a broad latitu-
dinal precipitation gradient, rather than relying on archived 
samples in the International Tree-Ring Data Base (ITRDB) 
or collections made across sites with similar climatology, 
(2) assessed seasonal patterns in tree-ring earlywood and 
latewood growth components (EW and LW, respectively) 
and precipitation, rather than relying on integrated annual 
growth increments, (3) developed a stable-isotope analysis 
to complement the traditional approach of using RWIs, and 
(4) applied an analytical framework that extended further 
into the initial two decades of the twenty-first century than 
those from past studies, and therefore had greater potential 
to detect the most recent trends in regional climate and their 
effect on tree responses. We hypothesized that evidence of 
multi-year drought legacies would be present in the observa-
tions of both EW and LW δ13C and RWI and that the length 
of individual legacies would be, at least partly, dependent on 
the frequency of subsequent droughts, following an extreme 
event.
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Methods

Overall approach

We used a network of sites within the geographic domain 
of the North American Monsoon (NAM) climate sys-
tem (Fig. 1). At each site, tree cores from P. ponderosa 
trees were used to construct EW and LW chronologies of 
δ13C and RWI. The sites and sampled trees were selected 
using the following criteria (also see Szejner et al. 2016): 
(1) exclusion of sites with large surrounding water-
sheds that could contribute runoff water; (2) selection of 

medium-aged trees (e.g., 100–250 years); (3) selection of 
sites with evidence of low tree-to-tree canopy competi-
tion, and no evidence of past-century land-use change; 
(4) selection of trees that showed signs of vigorous recent 
growth with a well-formed and symmetrical crown. We 
studied the temporal variations in RWI and δ13C from 
extracted α-cellulose, using EW as a spring proxy and LW, 
as a summer proxy.

Stable‑isotope analysis and ring‑width analysis

We used 2–3 combined, 5-mm diameter cores from five trees 
at each site for isotope analysis, and single cores from 5 to 

Fig. 1  Tree-ring network and associated seasonal hydroclimate 
regime. a Site locations on a map of the summer (June, August, Sep-
tember) rain-percentage of total annual precipitation. b Daily-aver-

aged mean spring (AMJ) VPD (kPa). c Daily-averaged mean summer 
(JAS) VPD (kPa). Values are mapped at 4-km resolution

Table 1  Sites used in the study, including codes used in the text, locations, elevations, measures of variability for the RWI observations and 
number (N) of tree measured for RWI

Sites are listed in latitudinal order from south-to-north (top-to-bottom)
AZ Arizona, NM New Mexico, CO Colorado, UT Utah

Site Code Long (E°) Lat (N°) Elevation (masl) Isotope chronol-
ogy span (years)

RWI
rbar

RWI
EPS

N trees meas-
ured for RWI

Santa Catalina Mountains (AZ) WCP − 110.70 32.41 2317 80 0.537 0.839 8
Pinaleño Mountains (AZ) CPP − 109.97 32.72 2682 53 0.623 0.889 9
Sacramento Mountains (NM) SLS − 105.77 32.75 2551 53 0.37 0.865 13
Sierra Ancha (AZ) SAP − 110.91 33.81 2218 53 0.35 0.655 5
Gallinas Mountains (NM) GHP − 105.79 34.24 2426 53 0.863 0.959 5
Sandia Mountains (NM) SPP − 106.42 35.21 2716 53 0.585 0.849 5
Mt Taylor (NM) CDT − 107.62 35.27 2767 53 0.671 0.903 5
Lockett Meadow (AZ) LMP − 111.62 35.36 2608 80 0.515 0.903 12
Kaibab Plateau (AZ) KPP − 112.26 36.76 2271 53 0.637 0.968 29
Mesa Verde (CO) MVP − 108.26 37.18 2767 102 0.446 0.861 18
Bryce Canyon (UT) BRY − 112.22 37.58 2767 53 0.522 0.822 8
Millers Flat (UT) MFP − 111.26 39.36 2435 53 0.685 0.951 21
Rock Creek (UT) RCP − 110.64 40.54 2315 80 0.508 0.941 19
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29 trees at each site for RWI analysis (Table 1). The cores 
were attached to wooden mounts using water-soluble hide 
glue. Each core was sanded with fine-grained sandpaper 
to allow for visual cross-dating (Stokes and Smiley 1996). 
After cross-dating, each annual ring intended for isotope 
analysis was sliced into three sections: EW, which was split 
into two halves EW1 and EW2, and LW. Sliced samples 
were ground to 20 mesh (0.84-mm particles) and heat sealed 
in permeable polymer-fabric bags (Ankom Technology, 
Macedon, NY, USA). Samples of α-cellulose were extracted 
from each sample following the method described by Leavitt 
and Danzer (1993), with the addition of a sodium hydroxide 
step, and additional modifications as described in Szejner 
et al. (2016). Only EW1 and LW were used for the isotopic 
analysis to ensure good seasonal separation of isotope sig-
nals. For each year that was analyzed, the samples from rep-
licate cores of the same tree were combined; thus, allowing 
individual trees to serve as the fundamental statistical unit 
in all subsequent analyses. The coefficient of variation in 
δ13C values among trees at each site, and averaged for all 
sites together, was 3.1 ± 0.7 (SD)  % and 4.0 ± 1.2%, for EW 
and LW, respectively. Standard dendrochronological indices 
for variance among RWI samples are provided in Table 1.

The ratios of 13C/12C were measured from the  CO2 pro-
duced during α-cellulose combustion in a high-temperature 
conversion elemental analyzer coupled with a Thermo Delta 
Isotope Ratio Mass Spectrometer (TC/EA–IRMS) in the 
Environmental Isotope Laboratory of the Department of 
Geosciences at the University of Arizona. Isotope ratios are 
expressed in delta (δ) notation relative to the δ13C of a Pee 
Dee Belemnite standard (in units of ‰). The δ13C sample 
precision was calculated as ± 0.09 ‰. A correction to the 
isotope measurements was made to account for changes in 
the atmospheric 13C/12C ratio due to past-century fossil-fuel 
combustion (Suess 1955), and for the influence of progres-
sive increases in atmospheric  CO2 on direct and indirect 
changes in the intercellular to ambient  CO2 concentration 
(ci/ca) (McCarroll et al. 2009).

Measurements of RWI were made to the nearest 
0.001 mm using a Velmex TA linear encoder with Meas-
ure J2X software (VoorTech Consulting, Holderness, NH, 
USA). Each RWI series was detrended and standardized by 
fitting an exponential curve to remove age effects on the 
radial growth, followed by the calculation of RWI chronol-
ogy means (Cook and Peters 1997) (Table 1).

Given our time and financial constraints, time-series for 
δ13C was determined for the period 1960–2012 (53 years) 
at all sites, and for the period 1932–2012 (80 years) at 
three sites which were chosen to represent the endpoints 
and middle of the precipitation gradient (WCP, LMP, and 
RCP) (Fig. 1). For one site, the MVP site, we developed 
102 years of δ13C data (1911–2012). Thus, for four sites, 
we were able to extend the δ13C time-series beyond the 

common all-site period of 53 years. For the RWI analyses, 
we used a time-series from 1900 to 2012 (113 years) at all 
sites. Chronologies for all sites are presented in time-series 
format in Figs. S1 and S2 in the Electronic Supplementary 
Materials.

Seasonal climate signal from regional chronologies

Many of the δ13C and RWI chronologies were observed 
to exhibit intra-annual cross-correlation between EW and 
LW. This cross-correlation is independent of climate vari-
ability and is potentially related to within-year utilization 
of common stored carbon or water pools (see analysis by 
Szejner et al. 2018). In these effects, it is the LW from 
a given year that carries the correlated signal associated 
with the preceding EW. To control for seasonal, cross-
correlation, we estimated an adjusted-LW Index  (LWadj) 
for every year in the time series (Griffin et al. 2011; Sze-
jner et al. 2018). The values of  LWadj were defined from 
the residuals of a linear regression between each ‘raw’ LW 
and EW chronologies (Meko and Baisan 2001; Stahle et al. 
2009; Griffin et al. 2011). The  LWadj adjustment yields a 
new latewood chronology that is statistically independent 
of each year’s preceding EW signal (Fig. S3 in Electronic 
Supplementary Materials).

In an initial analysis, we characterized regional coher-
ence in chronologies using a principal component analy-
sis (PCA) for the 53-year common period of 1960–2012 
from all sites. The variables on each PCA were the 13 
different chronologies using δ13C and RWI for EW, and 
 LWadj determined in separate analyses. The first principal 
components were expected to reveal the common tempo-
ral variability among sites as well as identify differences 
in the spatial distribution of its variance. The resultant 
time series or common temporal variability from the PCA 
(eigenvalues on each year) for EW and  LWadj were com-
pared with regionally gridded mean atmospheric water 
vapor pressure deficit (VPD, in kPa). Seasonal VPD 
was determined as the mean of daily averages, typically 
binned for spring-to-early summer (AMJ) or summer 
(JAS) months, using the Parameter-elevation Regressions 
on Independent Slopes Model (PRISM) climate dataset 
at 4-km resolution (PRISM Climate Group, Oregon State 
University, ver. 2004). To calculate daytime VPD, daily-
averaged maximum temperatures were used to estimate the 
saturation vapor pressure (es) and dew-point temperatures 
were used to estimate the actual vapor pressure (ea). We 
used April–June (AMJ), and July–September (JAS) mean 
VPD as the climate variables associated with the timing of 
formation and development of EW or  LWadj, respectively. 
These associations are based on identified correlations 
described previously (Szejner et al. 2016).
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Tree response to changes in drought frequency

To identify droughts, we applied the peak-over-threshold 
(POT) approach (Engeland et al. 2005) to determine those 
years that exceeded the 80th percentile of all monthly 
averaged seasonal mean VPDs within the timeframe 
1900–2012. We focused on mean monthly atmospheric 
VPD as our measure of drought. This is justified by the 
fact that: (1) VPD limits surface conductance and evapo-
transpiration more than soil moisture in many temperate-
latitude forests (Novick et al. 2016; Ficklin and Novick 
2017), and (2) VPD has been identified as the factor most 
correlated with drought-associated declines in gross pri-
mary productivity (GPP) during the past 20 years (Yuan 
et al. 2019). Additionally, in this region, explicitly, the 
high correlation of oxygen- and carbon isotope enrichment 
with atmospheric humidity, precipitation and temperature 
has previously been established (Szejner et al. 2016). For 
further validation, we assessed the monthly correlation 
between PRISM VPD and SPEI (Standard Precipita-
tion–Evapotranspiration Index) for every site and every 
month that we studied (Fig. S8 in Electronic Supplemen-
tary Materials). The correlation was generally greater than 
0.85 and statistically significant (P < 0.05) at all but three 
winter periods for two of the northernmost sites.

For the δ13C analysis, we only used droughts identi-
fied within the 53-year portion of the 80th-percentile time 
series that fell within the common interval of 1960–2012. 
For the RWI analysis, we used droughts derived from the 
entire 113-year length of the 80th-percentile time series. 
Each of the 13 sites was evaluated for their unique set 
of extreme drought years. Thus, we used ~ 10 extreme 
drought events per site for the δ13C analysis of the sites 
with 53-year chronologies, ~ 16 extreme drought events for 
the three sites with 80-year chronologies, and ~ 20 drought 
events for the MVP site with the 102-year chronology. For 
the RWI analysis, we used ~ 22 extreme drought events 
per site for all sites. All drought events for all sites are 
reported in Fig. S4 of the Electronic Supplementary 
Materials.

For the δ13C analysis, we partitioned the analysis accord-
ing to the three distinct geographic regions initially identi-
fied in the PCA analysis (PC1-EW, PC1-LWadj, and PC2-
LWadj), and for AMJ or JAS to provide the winter–spring 
(relevant to EW) and summer (relevant to  LWadj) seasonal 
mean VPDs. In one analysis (Fig. 2), a field correlation was 
constructed using the gridded geographic extent of PRISM-
derived VPD in each of the three distinct PCA regions (ini-
tially determined by the correlation between δ13C and VPD). 
The regional areal coverages of VPD for each of the three 
distinct PCA modes were computed using the average VPD 
of the 4 × 4 km grids in each PCA region that had correla-
tion values higher than 0.65 (P < 0.01) between the entire 

time-series of the PCA correlation and the gridded time-
series of PRISM-derived VPD.

To determine if the frequency of extreme droughts 
changed during the period of each chronology and the times 
series on for each PCA, the probability of occurrence in any 
given year was estimated using a Gaussian kernel along with 
a moving 30-year window (Mudelsee et al. 2003, 2004). 
The kernel-based estimation of event recurrence allows the 
detection of non-linear and non-monotonic frequency trends 
without imposing parametric restrictions. To account for 
error in the kernel estimates, we estimated 95% confidence 
intervals from 1000 bootstrapped, randomized resampling 
steps with the same number of drought events that were 
resolved in the original kernel estimate.

We also assessed temporal changes in the sensitivity 
of δ13C and RWI independently in both EW and  LWadj to 
a change in the frequency of winter–spring and summer 
drought events, respectively, using the full extent of each 
chronology (Table 1). A change in sensitivity was assessed 
through an examination of time-dependent trends in the vari-
ance and the correlation between δ13C or RWI (for EW and 
 LWadj) with the corresponding seasonal VPD (AMJ or JAS). 
This assessment was conducted using a running window of 
30 years. Temporal changes in variance and correlation 
trends were identified using a rank-based, non-parametric 
approach (Pettitt 1979). Using this method, we identified 
the timing of shifts in the variance or correlation time-
series, which we interpret to reflect shifts in the sensitivity 
of δ13C or RWI to a dynamic VPD time-series. We assume 
that an increase in the correlation of δ13C or RWI to the 
time-dependent, back-and-forth VPD patterns of drought- 
and between-drought periods reveals an increased fidelity in 
the tracking of these ecophysiological indices with drought. 
Furthermore, the close tracking of δ13C or RWI with VPD 
in a climate regime of increased fluctuation between drought 
and between-drought periods should be revealed in higher 
variance within the correlation. Together, the increase in 
correlation coefficients and variance should reveal higher 
sensitivity of the trees to a shift in fluctuating VPD dynam-
ics. This concept of climate sensitivity is similar to, and 
based on the same statistical principle, as that from previous 
studies (Pedersen 1998; Ogle et al. 2000; McDowell et al. 
2010; Lloret et al. 2011). Generally, in those studies, higher 
climate sensitivity was defined by a regression showing a 
steeper slope in the relation of RWI to progressive climate 
stress (Klesse et al. 2018).

Assessing drought legacy effects

We applied the Superposed Epoch Analysis (SEA, see 
Chree 1913), from the R package Dendrochronology Pro-
gram Library (dplR, Bunn 2008), to estimate the magnitude 
and duration of drought legacies. The SEA is a statistical 
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technique intended to detect trends before, during and after 
specific key events in a time-series. Within our use of the 
SEA, “key events” were taken as analogous to “extreme 
drought events,” which were identified through 80th-per-
centile VPD anomalies as described above. For each of 
the 13 study sites, we determined the mean standardized 
anomalies for δ13C and RWI on each of the 1 year before 

each key event, the years of the key events, and each of the 
5 years following each key event. Then, to asses, if the mean 
values in any preceding or succeeding year are significantly 
different from the average expectation, we applied SEA on 
a bootstrap resampling method based on 1000 randomly 
selected pseudo-key years from the chronologies (Haurwitz 
and Brier 1981).

Fig. 2  Principal component analysis (PCA) of δ13C and regionally 
resolved VPD. Upper panels, Row a z-scores from the eigenvalues 
of each component (PC1-EW, PC1-LWadj, and PC2-LWadj), obtained 
from the computed correlation matrix of seasonal (AMJ or JAS) 
mean VPD against EW and  LWadj δ13C datasets. Middle panels, Row 
b Field correlation analysis between the 53-year PCA time series 
presented in Row a, and the 53-year PRISM time series of each 4° 
grid within each of the three PCA-resolved regions. Blue shading rep-

resents field correlations with P ≤ 0.01, “N = 53”. The sizes of the 
black circles show the relative loadings for the PCA analysis at each 
of the 13 study sites. Lower panels, Row c Regression scatterplots 
showing the best-fit linear relationship between the 53-year averaged 
δ13C and seasonal (AMJ or JAS) PRISM VPD, for each grid that 
showed an r > 0.65 in the field correlation analysis. Values used in the 
regressions are expressed as z-score deviations for each grid relative 
to the mean of all grids
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The interpretation of the SEA can be biased if the tempo-
ral spacings between successive key events are distributed 
too close in time, producing an autocorrelation that crosses 
the span of the key events. In our analysis, if droughts are 
spaced too closely together, the effect of one drought can 
be carried into the occurrence of a subsequent drought, 
causing a time-dependent bias that might look like a persis-
tent legacy effect. Our approach was to test for this type of 
cross-correlation bias, determine if it contributes to legacy 
effects and if so, remove the effect statistically. It is also pos-
sible for the analyzed time series to contain effects caused 
by processes that are not associated with the key drought 
events (Haurwitz and Brier 1981). To assess the potential 
for sequential correlation, trends and random-noise effects, 
we applied the SEA to four different versions of the δ13C 
and RWI chronologies. We aimed to isolate the ‘red-noise’ 
form of the chronologies, which only retains the variabil-
ity attributed to multi-year, cross-year autocorrelation in 
the absence of random (white noise) variance. It is the red-
noise chronologies that we interpret as most revealing of 
potential post-drought legacies. The red-noise chronologies 
have the long-term systematic trend in drought removed, 
but retain the short-to-medium term stochastic trends that 
define legacy responses. To assess the legacies on these 
chronologies, we applied the SEA to the following versions 
of the time-series: (1) chronologies with any filtering; what 
we refer to as “raw chronologies”, (2) raw chronologies that 
had been detrended using a 30-year spline to remove any 
long-term trends and multidecadal variability, thus retaining 
the variability related to medium- to short-term legacies, (3) 
chronologies with white noise removed (seasonal and inter-
annual variance unrelated to the extreme events) to reveal 
only residual “red-noise chronologies”, and (4) red-noise 
chronologies that were detrended using a 30-year spline. The 
detection of the white noise provided a ‘working’ chronol-
ogy that was free of interannual autocorrelation. Then, this 
red-noise-free ‘working’ chronology was subtracted from 
the raw chronology revealing, as a residual, the ultimate red-
noise chronology (which included the interannual autocorre-
lation). For the detrending procedures, we used the detrend-
ing functions in the Dendrochronology Program Library in 
R (dplR; Bunn 2008) using a 30-year smoothing spline to 
minimize any long-term trend in the chronology.

Results

The 13 montane forest sites that were used in this study 
spanned a broad latitudinal gradient in the seasonal distribu-
tion of precipitation (Fig. 1). The sites in the northwestern 
part of the gradient receive most of their annual precipitation 
as snow or winter–spring rain, with a relatively dry mid-
summer season. The sites in the southern part of the gradient 

receive a significantly higher fraction of annual precipitation 
as summer rain; mainly from convective storms associated 
with the North American Monsoon (NAM) climate system. 
Convective monsoon events also tend to reduce the mean 
daily summer atmospheric VPD for sites in the southern 
part of the region, especially in New Mexico and Southern 
Arizona (Szejner et al. 2016). The spring VPD increases 
from north-to-south, following the regional temperature 
gradient in the months prior to the onset of the NAM. The 
locations of all sites, along with names and three-letter refer-
ence codes are presented in Table 1.

Regional tree response to atmospheric water 
demand

In this section, we discuss the primary statistical trends in 
the δ13C and RWI chronologies from the various sites. The 
actual chronology data are presented in time-series, graphi-
cal form in Figs. S1 and S2 in the Supplementary Materi-
als. The first principal component of EW δ13C chronologies 
(PC1-EW) explained 55% of the common variance (CV) for 
1960–2012 across all sites (Fig. 2, upper panels). The time 
series of PC1-EW was relatively stable until the final 14 
years (1999–2012) when an evident trend toward a higher-
than-average spring (AMJ) mean VPD values showed up 
(Fig. 2a, left panel). The  LWadj δ13C chronologies showed 
two independent local components to the common signal: 
one in the northwestern part of the study area, PC1-LWadj, 
explaining 28% of the CV and the other in the south/south-
eastern part of the study area, PC2-LWadj, explaining 14% of 
the CV. The time series of the correlated, combined site vari-
ance was relatively stable across the entire 53-year span of 
the observations, with some weak evidence of more frequent 
positive deviations during the final decade (Fig. 2a, middle 
and right panels). When we considered all three time-series 
together, there was clearer evidence of recent increases in 
VPD for the spring (AMJ) period (i.e., in the EW correla-
tion; PC1-EW), than for the summer (JAS) period (i.e., in 
the LW correlations; PC1-LWadj and PC2-LWadj).

We examined the correlation between the PCA time 
series shown in the upper panels of Fig. 2 and the 53-year 
PRISM VPD time series for each 4-km grid in the geo-
graphic domain of the thirteen-site gradient. This analy-
sis produced a broad correlation field map, allowing us to 
visualize the geographic extent of the three PCA-resolved 
regions. In other words, we determined for AMJ or JAS, 
separately, the spatial extent that the z-score deviations from 
the PCA time series were correlated with the time series of 
mean PRISM VPD (Fig. 2, middle panels). Grids that are 
shaded blue in each of the middle panels had PRISM VPD 
time series that were correlated with the PCA time series 
(r = 0.69, P ≤ 0.01). The exact shade of blue was determined 
according to the scale of correlation coefficients shown at 
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the bottom of the figure. These results show that there are 
clear regional distinctions among the PCA-resolved correla-
tions, and those distinctions tend to spatially track variance 
in PRISM-estimated VPD for spring or summer. Using the 
field correlations as guidance to reveal the spatial extent of 
each of the three PCA-defined regions, we reconstructed the 
PRISM-derived mean VPD time series (shown in the upper 
panels of Fig. 2 along with the PCA correlation time series).

We used a linear regression model of z-score deviations 
to describe for each PCA-resolved chronology, the rela-
tionship between δ13C and seasonal mean VPD (Fig. 2, 
lower panels). The regression scatterplots show the rela-
tionship between the 53-year averaged δ13C and seasonal 
(AMJ or JAS) PRISM VPD, for each grid in the field cor-
relation analysis. The δ13C values for PC1-EW were sig-
nificantly correlated with spring VPD for all sites combined 
 (AMJz-score = 0.92*PC1-EWz-score R2 = 0.70, n = 53 years). 
The δ13C values for PC1-LWadj, were significantly correlated 
with summer VPD for 10 of the sites, mostly distributed 
in the northwest part of the region  (JASz-score = 0.7*PC1-
LWz-score, R2 = 0.48, n = 53  years), and δ13C values for 
PC2-LWadj were correlated with summer VPD for seven 
of the sites, mostly in the southeastern parts of the region 
 (JASz-score = 0.75*PC2-LWz-score, R2 = 0.51, n = 53 years). 
From these regressions, VPD variability explained between 
48 and 70% of the respective EW or  LWadj δ13C variabil-
ity in each selected region. The results of the regression 
scatterplots show evidence of a robust relationship between 
PRISM-modeled VPD and observed cellulose δ13C across 
a broad climatic range and distinct seasonal precipitation 
regimes.

Temporal changes tree responses to climate

Time-dependent shifts in the sensitivity of tree responses 
to fluctuations in wet and dry climate periods were exam-
ined on a site-by-site basis through shifts in the 30-year run-
ning average of correlations based on interannual variance 
(Fig. 3). We interpreted a higher correlation between inter-
annual variance in δ13C or RWI to seasonal mean VPD to 
be indicative of higher sensitivity of iWUE or NPP growth, 
respectively, to drought. Recalling the increase in drought 
frequency during the most recent two decades (Fig.  4, 
and Fig. S5 in the Electronic Supplementary Materials), 
we observed that following the change to higher drought 
frequency, the correlation coefficients and variances both 
increased (Fig. 3). These results showed that both δ13C and 
RWI tracked fluctuations in ‘wet’ and ‘dry’ VPD years (from 
the PRISM meteorology) with higher fidelity, following the 
shift to greater drought frequency (see Fig. 4). All sites 
showed increases in the running correlation values for EW 
δ13C with AMJ VPD, reflecting increased sensitivity to win-
ter–spring climate. Changes in the sensitivity of EW RWI to 

the recent shift toward higher drought frequency were less 
evident compared with the δ13C chronologies. Nine out of 
ten of the northernmost sites showed increased sensitivity 
in EW RWI during the past two decades. The three south-
ernmost sites (Table 1) showed no significant changes in 
EW RWI sensitivity to fluctuations in winter–spring VPD. 

The  LWadj δ13C chronologies, which reflect a strong 
response to summer VPD, showed that in three of the north-
ernmost sites (KPP, MFP, and RCP), the running correlation 
values with respect to summer VPD decreased during the 
past two decades. The  LWadj RWI correlations, however, at 
two of these sites (KPP and MFP), increased; suggesting that 
even at those sites with a declining, but significant, correla-
tion between δ13C and VPD, also showed increased sensi-
tivity to drought in the RWI patterns. Correlations between 
 LWadj δ13C and summer VPD in the south/southeastern sites 
showed no significant correlation for the period before 1992, 
but a significant increase in correlation after 1992, once 
again, according to our assumptions, reflecting an increase 
in the sensitivity of the intrinsic water-use efficiency (iWUE) 
to interannual variance in summer VPD.

Decadal trends in mean seasonal VPD, as predicted by 
δ13C chronologies, showed increases over the past 20 years, 
with the most evident upward trends in both frequency 
and calculated recurrence intervals occurring in AMJ for 
all sites combined and in JAS for the south/southeastern 
sites (Fig. 4). The probability of anomalous VPD events 
was observed to have increased from 0.10 per year (prior 
to 1992) to 0.50 per year (frequency of extreme event every 
10 to 2 years before and after 1992) for AMJ precipita-
tion (PC1-EW), and from 0.13 per year (prior to 1992) to 
0.45 per year (frequency of extreme event every 7–2 years 
before and after 1992) for JAS precipitation (PC1-LWadj and 
PC2-LWadj).

Legacy effects under increasing frequency 
of extreme climate

Considering the 53-year time series for the non-detrended 
raw chronologies for all sites, we observed multiple-year 
legacies at most sites in both δ13C and RWI (Fig. 5, upper 
panels). Most of the legacies lasted 2–3 years following the 
year of drought, though some were as long as 5 years. There 
was a slight tendency for longer legacies in the southernmost 
sites. Legacies of comparable length were observed for win-
ter–spring and summer droughts. When the raw chronolo-
gies were detrended, the multiple-year legacies disappeared 
from both the δ13C and RWI chronologies for most sites 
(Fig. 5, lower panels). For winter–spring drought at two of 
the northern sites (BRY and MFP for δ13C of EW), lega-
cies of 1–2 years persisted, and for summer droughts at one 
southern site (SLS for δ13C of  LWadj) and one northern site 
(MFP for δ13C of EW), legacies of 1 year, post-drought, 
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persisted. For EW RWI, after detrending, one site MVP 
showed a 1-year negative growth legacy, and there was a 
possible 2-year negative EW RWI legacy at the LWP site, 
though the year of the drought showed a non-significant 
negative effect, suggesting a 1-year post-drought lag in the 
initiation of the legacy. All other sites, however, showed only 
effects of drought in the same year that the drought occurred, 
or no effects at all. For the  LWadj RWI non-detrended raw 
chronologies, legacies in negative RWI responses of 3-, 4-, 
and even 5-years (in this case to summer rain droughts) 
were frequently observed in the mid- to northern-gradient 
sites. However, when the recent upward trend in drought 
frequency was removed from the chronologies, the longest 

observed legacies were only of 1-year duration, and then 
only observed at three sites (SLS, GHP, and RCP). One site 
(LMP) exhibited a possible 3-year negative  LWadj RWI leg-
acy, though the year of the drought showed a non-significant 
negative effect, suggesting that if a legacy effect exists, it is 
lagged by 1 year.

Using red-noise chronologies, we also observed sig-
nificant evidence of multi-year drought legacies when 
the chronologies are not detrended (Fig. 5, lower panels). 
For the non-detrended red-noise EW δ13C, we observed 
5-year legacies at four sites (CPP, SPP, KPP, and MVP) 
and 4-year legacies at two sites (SAP and GHP). When 
we detrended the red-noise chronologies, these legacies 

Fig. 3  Site-specific changes in the 30-year running correlation 
upper panels (a) and variance lower panels (b) in the δ13C and RWI 
responses to VPD. Vertical columns of panels are for EW or  LWadj 
for either δ13C or RWI. Correlation and variance color codes are 
centered on a 30-year moving window along the x-axis. For all sites 
(y-axis) concerning RWI, and three sites (WCP, LMP, and RCP) con-
cerning δ13C, we analyzed 82-year chronologies (1930–2012). For 

one site (MVP) concerning both δ13C and RWI, we analyzed a 102-
year chronology (1911–2012). For all other sites for δ13C, we ana-
lyzed 53-year chronologies (1960–2012). Correlation values that are 
below alpha = 0.05 are not colored. Y-axes on each panel are the sites 
presented from south-to-north (top-to-bottom), with codes shown in 
the central part of the graph (color figure online)
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decreased to reveal a 3-year legacy at only one site (MFP) 
and 1-year legacies at two sites (CPP and KPP). For non-
detrended red-noise  LWadj δ13C, we observed a 5-year leg-
acy at one site (SLS), a 4-year legacy at one site (MVP), 
3-year legacies at three sites (CDT, GHP, and SAP) and a 
2-year legacy at three sites (WCP, BRY and MFP). Once 
detrended, we observed a single 1-year legacy (SLS) and 
possible 2–3 year legacies at four sites (WCP, LMP, KPP 
and MFP), though there was no significant influence of 
drought during the year of the drought in these four sites; 
suggesting the occurrence of a 1-year lag in producing 
legacy effects. Using the non-detrended red-noise chronol-
ogies for RWI, we observed weaker evidence of legacies 
for EW RWI, compared to EW δ13C (Fig. 5, lower panels). 
We observed evidence for possible legacies of 4-years at 

one site (GHP), 2-years at one site (CDT) and 1-year at 
one site (SAP). In all of these cases, there was no evidence 
of drought influences the year of the drought, suggesting 
a 1-year lag in legacy effects. Once detrended, the time-
series yielded evidence of a non-lagged, 1-year legacy at 
one site (CDT), and a possible 2-year and 1-year legacies 
at one site (GHP) and four sites (SLS, LMP, MVP, and 
RCO), respectively, if lagged by 1 year from the year of the 
drought. With regard to the  LWadj RWI time series, reflect-
ing summer droughts, we observed positive legacies, when 
not detrended, of 5-years at two sites (SLS and MVP), and 
negative legacies of 5 years at three sites (GHP, SPP, and 
MFP) and 4 years at one site (CDT). When one-year lags 
are considered, we observed the potential for legacies of 
3 years at one site (KPP) and 2 years at one site (RCP). 

Fig. 4  Time-dependent change 
in the frequency of extreme 
droughts based on VPD 
anomalies above the 80% driest 
seasonal periods (shown in 
black and derived from PRISM 
meteorology data) and from 
trends in the δ13C chronologies 
partitioned according to the 
Principal Components Analysis 
(colored lines in each separate 
panel). Trends in the frequency 
of drought anomaly occurrence 
and calculated recurrence inter-
val are shown with reference to 
the left and right y-axes, respec-
tively. The frequency trend lines 
are shown for each of the δ13C 
PC components, PC1-EW (a), 
PC1-LWadj (b), and PC2-LWadj 
(c) and confidence bands at 95% 
are shown as shaded envelopes 
(obtained from 1000 bootstrap 
kernel simulations) (color figure 
online)
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When the chronologies were detrended to remove the 
effects of recent increases in drought frequency, the lega-
cies were reduced to 1-year duration, and only observed 
at three sites (CPP CDT and MFP).

When all sites are considered together, and a composite 
picture of drought legacies for the entire network of chronol-
ogies is constructed, it is clear that observations of drought 
legacy length are highly influenced by drought frequencies, 
themselves (Fig. 6). When raw, non-detrended chronologies 
for both EW and  LWadj δ13C were considered, post-drought, 
multi-year legacies of 5-years and 2-years were observed for 
spring and summer droughts, respectively (using the 95% 
confidence intervals as guidance) (Fig. 6a). When the raw 
chronologies were detrended, no significant post-drought 
legacies were observed (Fig. 6a, lower panel). This was evi-
dent in the fact that 1 year following key drought events, 
δ13C values (and thus iWUE) had returned to pre-drought 
values.

Values for EW RWI exhibited negative anomalies (indi-
cating reduced growth) during the year of the droughts 
(Fig. 6b, upper panel). Values for  LWadj RWI showed no 
significant anomaly with regard to mean values during or 
after the key drought events, though this appeared to be 
due to extremely large variances in the composite analysis. 
When the raw chronologies for EW and  LWadj RWI were 
detrended, the overall variance within the composite col-
lection of sites decreased, and a pattern of negative growth 
anomalies emerged for the year of key drought events, and 
for legacies that lasted 1–2 years following the key events 
(6b, lower panel).

Considering a regional picture form the network of chro-
nologies and with the recent trend in increased drought fre-
quency intact (without detrending). The red-noise chronolo-
gies show a weak positive effect of drought on δ13C in both 
EW and  LWadj, but no significant effect on RWI, during the 
year of the event (post-drought year 0) (Fig. 6c and d, upper 
panels). This result was expected since the year 0 drought 
pattern is not dependent on interannual variance, which is 
the integral component of red-noise chronologies. Similar to 
the raw chronologies, the non-detrended red-noise chronolo-
gies of EW δ13C and  LWadj δ13C showed post-drought lega-
cies of > 5 and 3 years, respectively (Fig. 6c, upper panel). 
The non-detrended red-noise chronologies for RWI showed 
post-drought legacies of 1–2 years for both EW and  LWadj 
(Fig. 6d, upper panel). Once detrended for recent increases 
in drought frequency, the post-drought effects were no 
longer significant in EW δ13C and  LWadj δ13C (Fig. 6c, lower 
panel). In the case of the detrended red-noise chronologies 
for RWI, a post-drought legacy of 1-year was observed for 
EW, but there was no significant legacy for  LWadj (Fig. 6d, 
lower panel). These results suggest that the legacies recorded 
in the non-detrended, red-noise chronologies are indeed 
mostly explained by the increasing trend in the frequency 

of extreme drought conditions during the most recent two 
decades.

Recognizing that the result of decreasing drought legacies 
after detrending can be influenced by the selecting criteria 
of the key events used in the SEA and/or the statistical pro-
cesses of the SEA itself. We reconstructed the analysis of 
Fig. 6 using an alternative means of choosing key events and 
an alternative means of assessing legacies (see Figs. S4 and 
S5 in the Electronic Supplementary Materials). In the case 
of both of these adjustments to the analysis procedure, the 
same result was observed—detrending the chronologies to 
remove the influence of recent shifts in drought frequency, 
substantially reduced the length of the observed legacies. 
In some cases, legacy lengths of 5+ years were observed 
without detrending, and 0–2 years, with detrending.

Discussion

Here, we report that the temporal pattern of drought at the 
decadal scale has a significant and potentially profound 
influence on patterns of ecosystem memory and expres-
sion of legacies during drought recovery. Our observations 
of PRISM meteorology data, tree-ring stable isotopes and 
RWI have revealed evidence of a recent shift in the cli-
mate system of the southwestern US toward more frequent 
drought events (Fig. 4), and the tendency for that shift to 
produce a systematic increase in longer drought legacies 
(Fig. 6). Furthermore, we have sharpened the scope of past 
studies beyond that of annual rings alone, and their associ-
ated annual climate integrals, to show that changes in the 
frequency of drought are evident seasonally, occurring in 
both the earlywood and latewood fractions of rings. These 
data demonstrate that the recent shift in drought frequency 
has occurred for both winter and summer precipitation. Our 
analysis revealed up to a 50% increase in the frequency of 
winter–spring droughts across a broad latitudinal gradient, 
and a 70% increase in the frequency of summer drought in 
the south/southeastern part of the study region, which lies 
at the core of the North American Monsoon climate sys-
tem. The four sites that we analyzed for 80 years (Fig. 3), 
extending back to 1930, showed similar increases in drought 
frequency during the past 20 years; providing an even more 
robust dendrochronological reconstruction of the recent shift 
in drought regime for this region (see Fig. S4 in the Elec-
tronic Supplementary Materials).

In hindsight, indirect evidence for a recent trend toward 
increased drought frequency in the Western U.S. has existed 
in past studies (Mueller et al. 2005; Anderegg et al. 2015; 
Schwalm et al. 2017; Serra-Maluquer et al. 2018; Peltier 
and Ogle 2019b). Tree-ring hydroclimate reconstructions 
have revealed that recent droughts in the SW, during the 
early 2000s, have been drier and hotter than those recorded 
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for the past millennium (Touchan et al. 2011). Moreover, 
stream flow measurements of the Colorado River since 2000 
have averaged 19% below those recorded between 1906 
and 1999, and have been linked to low regional snowpacks 
(Udall and Overpeck 2017). In support of the observational 
data, several modeling studies have projected increases in 
the frequencies of drought in the SW (Cook and Seager 
2013; Ficklin and Novick 2017; Pascale et al. 2017). To our 
knowledge, our results are the first to show that this climatic 
shift is currently underway, coherent across a broad geo-
graphic area and reflected in the ecophysiological responses 
of forest trees.

The shift in climate regime and associated influences on 
δ13C and RWI has a role in explaining the multi-year spans 
attributed to drought legacies that we observed at several 
sites. An increase in the frequency of droughts, by definition, 
shortens the intervening recovery periods between droughts. 
Thus, as drought frequency increases, recovery from a pri-
mary event would have a higher probability of being inter-
rupted by a succeeding (secondary) event. This interruption 
reduces the probability that trees entirely “forget or bounce 
back” from the primary event, producing an extended legacy 
effect. When we initiated this study, we hypothesized that 
we would observe multi-year legacies at many sites, princi-
pally based on the results reported in past studies. Several 
studies, using annual RWI, concluded that past drought lega-
cies in the SW, and in particular in ponderosa pine, have 
often lasted 4–5 years, though legacies of 2–3 years were 
most typical (e.g., Anderegg et al. 2015; Peltier et al. 2016; 
Huang et al. 2018). In fact, using raw chronologies and tra-
ditional dendrochronological detrending methods, we did 
indeed observe multi-year legacies. However, we found 
little evidence of long legacies for δ13C or RWI when we 
accounted for the recent trend toward increased drought fre-
quency. Once detrended, the red-noise chronologies for EW 
RWI only revealed a 1-year post-drought legacy (defining 
a legacy as being continuous with reduced growth during 
the year of the drought), at one of the 13 sites (Fig. 5). Four 
additional sites may have shown some evidence of 1-year 
legacies, though in these cases there was no evidence of 

reduced RWI growth during the year of the drought, so 
the post-drought legacy is disconnected from any impact 
during the event itself. When the  LWadj RWI chronologies 
were detrended to remove the effects of recent increases in 
drought frequency, observed legacies were limited to 1-year 
duration, and only observed at three of the thirteen sites. 
For EW δ13C chronologies, we observed a 3-year legacy at 
only one of the thirteen sites, and 1-year legacies at two sites 
(Fig. 5). When we combined responses to all key drought 
events from all sites using the SEA and accounted for the 
recent decadal-scale trend of increased drought frequency, 
we found no evidence of legacies in the δ13C chronologies, 
and legacies of no longer than 1 year in the RWI chronolo-
gies (Fig. 6). Thus, overall, we did not find the same scale 
of previously reported multi-year legacies.

While this is a different conclusion than that revealed in 
past studies, it has some similarities in that it continues to 
indicate a potential for trees to ‘remember’ droughts for a 
limited extent of time; in this case 1–2 years when legacies 
are observed. Our observations provide some insight into 
the ecophysiological causes of legacies, when they exist. 
The fact that legacies were observed in the carbon isotope 
data, in addition to RWI, suggests a role for proximal influ-
ences, close to the short-term processes of needle  CO2 and 
 H2O exchange. It is well known that high VPD has a direct 
influence in causing a decrease in stomatal conductance 
(gs) in a broad array of plants (Bierhuizen and Slatyer 1965; 
Hall and Kaufmann 1975; Schulze et al. 1975; McAdam 
and Brodribb 2014; Martins et al. 2016). Stomatal guard 
cells are generally capable of hydro-mechanical responses 
to the increased evaporative demand of the atmosphere at 
high VPD. Reduced  gs, in the absence of direct feedbacks 
connected to  CO2 assimilation rate (A), will cause a reduc-
tion in the intercellular  CO2 concentration (ci), which in turn 
will have an indirect influence on A. The steady-state ci at 
a higher VPD, generally, will be less than that at a lower 
VPD. A lower ci/ca ratio will be reflected in a higher δ13C 
ratio of sugars assimilated through photosynthesis. These 
interactions most likely explain our observations of higher 
δ13C ratios in tree rings produced during drought years (e.g., 
Figure 6a when the lag = 0).

Drought legacies beyond the year of the drought, espe-
cially when reflected in δ13C, imply that information con-
cerning the drought is retained in needles from 1 year to 
the next, causing the actual legacy. This information can 
cause persistence in reduced gs, relative to A, and thus per-
sistence of lower  ci and higher δ13C. It is possible that these 
‘remembered’ physiological effects are due to elevated nee-
dle concentrations of phytohormones, such as abscisic acid 
(ABA; Zabadal 1974; Beardsell and Cohen 1975; Brodribb 
and McAdam 2013; McAdam and Brodribb 2014). It is 
also possible that the closely spaced successive droughts 
extend legacies through regular boosts in leaf or needle 

Fig. 5  Site-based Superposed Epoch Analysis (SEA) using spring 
(AMJ) and summer (JAS) mean VPD. The color code repre-
sents the sign and average value of isotopic or RWI anomalies 
of the VPD-drought years for the 80% driest extremes at each site. 
Colored grids represent a significant anomaly different from a mean 
determined from randomly selected years and their respective lega-
cies using a bootstrap resampling for the same number of events at 
each site. Colored grids reflect statistical significance to the anoma-
lies at P < 0.1, and the grids with black points represent statistical 
significance to the anomalies at P < 0.05. The top two panels are 
the SEA for raw chronologies, either detrended or not detrended. 
The bottom two panels are the SEA for the red-noise chronologies, 
either detrended or not detrended. x-axis = legacy length (years). 
y-axis = sites, with codes indicated as in Table 1 (color figure online)
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ABA concentrations. Furthermore, ABA-related memory 
effects could be enhanced and extended through changes 
in gene expression. Recent studies in citrus trees, for exam-
ple, have revealed that increased leaf ABA concentrations 
during recurrent droughts can cause an increase in DNA 
methylation and associated altered gene expression (Neves 
et al. 2017). The ABA signal, however, has been shown 
to be short-lived. In most cases that have been examined, 
drought-induced increases in ABA levels are reversed within 
days-to-weeks following drought (Yan et al. 2017; Skelton 

et al. 2017). Thus, there is reason to search for alternative 
processes as potential causes of legacies. Skelton et al. 
(2017) provided evidence that the longest drought legacies 
are tied to reductions in xylem hydraulic capacity, not needle 
physiology, particularly in evergreen woody species. Other 
potential causes of drought legacies have also been hypoth-
esized; such as those associated with reduced storage of pho-
tosynthate and associated loss of leaf (needle) area due to 
enhanced herbivory during the drought period (McDowell 
2011). Our studies do not provide process-level insight into 

Fig. 6  Summary trends for 
drought legacies recorded in 
EW and  LWadj δ13C and RWI. 
The y-axes show anomalies 
averaged for extreme events 
from the chronologies of δ13C 
(a, c) and RWI (b, d). The 
x-axes represent a sequence of 
years prior (years < 0), during 
(year = 0) and after (years > 0) 
each extreme event identified 
in the SEA. “No Detrending” 
data include the ‘raw’ and 
‘red-noise’ chronologies that 
retain the trend of increasing 
drought frequency since 1992; 
“Detrended” data include the 
‘raw’ and ‘red-noise’ chro-
nologies without the trend of 
increasing drought frequency 
removed. The upper four 
panels include chronologies that 
retained “random” variation 
(white noise). The lower four 
panels include chronologies 
from which white noise has 
been removed, leaving only 
“red-noise,” which reflects 
interannual autocorrelations. 
The red- and green-colored 
lines and colored bands repre-
sent the average tree response 
and 95% confidence intervals 
when conducting a combined 
analysis of all sites “N = 13” 
treated as independent values 
(color figure online)
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these possibilities. Although, we note that we observed no 
evidence of thinned canopies, increased herbivory or immi-
nent tree mortality due to carbon starvation in the trees that 
we studied.

The contrast between the shorter legacies observed in this 
study and the multi-year legacies of past studies is clear in 
pattern; but without explanation. Our approach to assessing 
legacies is different from that of previous studies, which led 
us to explore the possibility that the methods themselves 
might hold an explanation for the observed contrasts. The 
past studies that have reported multi-year legacies also 
focused on single-year droughts, or occasionally droughts 
of 2–3 consecutive-year durations. The key drought events 
that they examined were, in many cases, isolated from 
longer-term climate trends. This approach makes sense if 
one’s intent is to determine the plant’s ability to ‘remember’ 
past stress events. Our analysis included a broader context. 
It considered the composite response of 20–22 drought 
events and included a shifting climate regime with increased 
drought frequency.

To explore the potential for different analytical 
approaches to explain differences among the studies, we 
conducted additional heuristic analyses that are similar to 
what was used in the past. First, we developed an alternative 
approach to choosing key drought events; one that resulted 
in a more even distribution of events across the past cen-
tury. To accomplish this, we removed the recent trend for 
increased drought frequency from the PRISM VPD chro-
nologies at each site, and then chose our key drought events 
for analysis, using the 80% threshold approach described 
above. This resulted in a set of drought events that was not 
biased toward the greater drought frequencies of the most 
recent two decades; in essence, a set of drought events that 
is more evenly distributed across the 52-, 80- or 100-year 
tree-ring chronologies. Second, we applied a simpler ‘mean 
differences’ approach to evaluate the persistence of legacies 
following droughts. We computed the difference between 
the 5-year averaged antecedent parameter values for each 
key drought event, separately, and we assessed post-drought 
trends for lagged windows during each year immediately 
following the event. This is different than the SEA analy-
sis, which compares the anomalies from each lag year with 
the overall average of the time series, not the antecedent 
values for each event separately. The latter approach, com-
bined with a set of drought events that are more dispersed 
across the past century, is similar to the approaches used in 
past studies (e.g., Nowacki et al. 1997; Lloret et al. 2011), 
which have reported multi-year legacies. Whether using a 
distributed set of key events in combination with the mean 
differences approach, or the clumped distribution of events 
with the original SEA, the conclusion that shortened lags, 
or no lags, occur in chronologies detrended for the recent 
increases in drought frequency, remained valid. We could 

only replicate the conclusion of multi-year legacies in the 
non-detrended, raw chronologies (Fig. S6 in Electronic Sup-
plementary Materials). In a final effort to bring alternative 
approaches to bear on the analysis, we applied the mean 
differences approach independently to drought events that 
occurred prior to, or after, the year 2000 (Fig. S7 in Elec-
tronic Supplementary Materials). We hypothesized that if 
the recent trend toward increased drought frequency was a 
cause of longer drought legacies, then we should see shorter 
legacy lengths for the decades prior to 2000, compared to 
those after 2000. We used only the raw chronologies for this 
analysis to avoid any bias due to our detrending methods. 
We observed no post-drought legacies for droughts prior 
to 2000, and multi-year legacies for droughts after 2000. In 
other words, it is only during the recent period of increased 
drought frequency that we could identify multi-year lega-
cies. Together, these analyses strengthened our conclusion 
that failure to account for drought frequency causes the 
detection of longer drought legacies (Fig. S7). It is important 
to note that the shorter legacies observed in our studies were 
consistent across the entire spectrum of extreme droughts—
from those in top 0–1% extreme-VPD bin to those in the 
19–20% less extreme-VPD bin.

We cannot, even after these alternative analyses, explain 
why the drought legacies for events prior to 2000, which 
have been reported in past studies, extend for several years. 
It is possible that the analyses did not adequately partition 
the key drought events into those influenced by increased 
drought frequency and those not. If a combination of 
droughts was used in those studies, with some influenced 
by drought frequency, and some not, a general conclusion 
of multi-year lags could emerge without recognition of the 
nuanced influences of systematic shifts in the climate sys-
tem. The Anderegg et al. (2015) study used tree-ring chro-
nologies from the period 1948–2008, which included the 
first decade of the recent increase in drought frequency. They 
included no explicit treatment of that trend and concluded 
that legacies of 3–4 years are typical, especially in the SW 
region. The Peltier et al. (2016) study included chronolo-
gies and droughts for the 100 years ending in 2007. Thus, 
estimates of legacy lengths in this study may also have been 
affected by the recent increase in drought frequency. Even 
for droughts analyzed prior to the most recent decades, some 
of the events studied by Peltier et al. (2016) included years 
with closely spaced droughts, such as the period between 
1984 and 1990, which included 4 analyzed drought years 
falling within the same 7-year period. We are not suggest-
ing that the influences of drought frequency necessarily 
exclude the existence of the multi-year legacies. The legacies 
are clearly recorded in the tree-ring record. Rather, it may 
clarify the causes of the legacies; that successive droughts, 
closely spaced in time, may produce a synergy that results 
in an ecophysiological ‘memory’ of combined events, rather 
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than single events. In fact, the memory of any single event 
may be limited. This is a perspective that deserves further 
inquiry, especially given the aim of better informing prog-
nostic models of future climate change effects.

One explanation, which carries the most promise for 
understanding the differences among these studies, concerns 
the use of different chronology databases. The past studies 
that have shown multi-year legacies from the SW region 
have relied on RWI chronologies derived from the Inter-
national Tree-Ring Data Base (ITRDB) (Anderegg et al. 
2015; Peltier et al. 2016, 2017;  Peltier and Ogle 2019a, b; 
Huang et al. 2018). The ITRDB is a public archive of tree-
ring data, managed by the U.S. National Center for Envi-
ronmental Information and it is the most frequently used 
database for dendro-climate reconstructions. Recent studies, 
however, have revealed biases in ITRDB data (Klesse et al. 
2018). Of most concern is the discovery that the ITRDB is 
biased toward trees that are more sensitive to climate stress. 
Klesse et al. (2018) showed that ITRDB samples from the 
SW region are biased toward sites and trees that occur at 
warmer and drier locations than would be representative 
of the region. Compared to a less biased database cover-
ing the same region (USDA Forest Inventory and Analysis, 
FIA), samples from the ITRDB overestimated forest climate 
sensitivity by 41–59%, with a bias toward greater drought 
effects. An analysis using both databases to predict future 
responses to climate change suggested that forests would 
respond ~ 30% less to climate extremes, when conditioned 
on the FIA database, compared to the ITRDB. In our stud-
ies, we chose sites and trees to explicitly avoid some of the 
biases in the ITRDB. Sites were chosen that are within the 
core range of P. ponderosa, rather than at the margins where 
abiotic stress is more likely. While we did not explicitly 
examine possible differences between cores from our trees 
and those archived in the ITRDB, it is possible, given the 
study by Klesse et al., that our trees experienced less fre-
quent droughts than those in many collections of the ITRDB, 
especially prior to the year 2000. If so, then there is a greater 
likelihood that differences between our study and those in 
the past that report multi-year legacies are the result of more 
frequent and overlapping droughts reflected in the ITRDB 
samples. If this is indeed the cause of contrasting results 
among these different studies, then the differences are real; 
the past observations of longer, multi-year legacies and our 
observations of no legacies or legacies of short duration, can 
both be accurate, but on different sets of trees experiencing 
different drought frequency regimes. In that case, one ques-
tion that arises is whether the past reports of long legacies 
accurately represent the entire region and trees that occur 
within their core range.

The shorter legacy effects that we describe are consist-
ent in their absolute lengths with a recent global analysis 
of drought response times assessed using a random forest 

model conditioned on tower-flux observations, satellite 
remote sensing, and multi-ensemble model projections to 
estimate gross primary productivity (GPP) (Schwalm et al. 
2017). In that study, drought recovery was estimated to 
be less than 12 months for 84% of the events, considering 
all global terrestrial regions (Schwalm et al. 2017). This 
analysis also revealed that the most extreme (95th and 97th 
percentiles) legacy periods have increased, however, from 
approximately 1.3 and 1.7 years, respectively, in 1901–1910, 
to 3 and 4.8 years, respectively, in 2001–2010, indicative 
of lengthening in drought legacies in recent decades. This 
would be consistent with our observations that drought fre-
quency has increased in recent decades and our conclusion 
that this trend has increased the length of legacies.

It is also noteworthy that when we did observe legacies at 
specific sites, there was often a trend for slightly longer lega-
cies in the RWI record than in the δ13C record. The differ-
ence between these two metrics is small, being a 1-year aver-
age legacy observed for δ13C and a 2-year average legacy for 
RWI. The observed legacies in both cases remain smaller 
than the legacies reported in past studies for RWI alone. 
The differences, however, might reveal corroboration of a 
recent study of an extreme drought in the Midwestern U.S. 
that showed uncoupling between the tree-ring record, which 
exhibited a post-drought legacy of 1 year in several tree spe-
cies, and leaf-level photosynthesis or ecosystem-level GPP, 
which recovered relatively quickly during the same year of 
the drought (Kannenberg et al. 2019b).

The conclusions of our study are relevant to explaining 
recently observed mass-mortality events in semi-arid forests 
(McDowell and Allen 2015; Adams et al. 2017). McDow-
ell et al. (2010) showed that antecedent drought stress can 
render trees of ponderosa pine more susceptible to mortal-
ity during subsequent droughts. Extreme drought events are 
likely to become even more frequent as recent model pro-
jections anticipate a 50% increase in regional mean VPD by 
2100 with associated increases in forest stress and associated 
mortality in the Southwestern U.S. (Williams et al. 2013; 
McDowell and Allen 2015; Ficklin and Novick 2017). An 
increase in the frequency of extreme droughts, accompa-
nied by increases in mean temperature, would provide poten-
tial synergies that amplify the probability of catastrophic 
mass mortality events, especially in needle-leaf forests of 
the southwestern US. Overall, our studies provide a cli-
matic context for understanding forest responses to extreme 
drought events and an informed context within which to 
understand drought legacies and the hysteretic influences 
they impose on patterns in the global carbon budget.
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