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Disentangling seasonal and interannual legacies from inferred
patterns of forest water and carbon cycling using tree‐ring
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Abstract
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Tree‐ring carbon and oxygen isotope ratios have been used to understand past

3

vidual annual rings. Uncertainties in this approach are associated with correlated
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dynamics in forest carbon and water cycling. Recently, this has been possible for different parts of single growing seasons by isolating anatomical sections within indiclimate legacies that can occur at a higher frequency, such as across successive seasons, or a lower frequency, such as across years. The objective of this study was to
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gain insight into how legacies affect cross‐correlation in the δ13C and δ18O isotope
ratios in the earlywood (EW) and latewood (LW) fractions of Pinus ponderosa trees
at thirteen sites across a latitudinal gradient influenced by the North American Monsoon (NAM) climate system. We observed that δ13C from EW and LW has significant positive cross‐correlations at most sites, whereas EW and LW δ18O values
were cross‐correlated at about half the sites. Using combined statistical and mechanistic models, we show that cross‐correlations in both δ13C and δ18O can be largely
explained by a low‐frequency (multiple‐year) mode that may be associated with
long‐term climate change. We isolated, and statistically removed, the low‐frequency
correlation, which resulted in greater geographical differentiation of the EW and LW
isotope signals. The remaining higher‐frequency (seasonal) cross‐correlations
between EW and LW isotope ratios were explored using a mechanistic isotope fractionation–climate model. This showed that lower atmospheric vapor pressure deficits
associated with monsoon rain increase the EW‐LW differentiation for both δ13C and
δ18O at southern sites, compared to northern sites. Our results support the hypothesis that dominantly unimodal precipitation regimes, such as near the northern
boundary of the NAM, are more likely to foster cross‐correlations in the isotope signals of EW and LW, potentially due to greater sharing of common carbohydrate and
soil water resource pools, compared to southerly sites with bimodal precipitation
regimes.
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1 | INTRODUCTION

concentrations. Ignoring the mesophyll conductance and associated

In the western United States, patterns in forest carbon and water

the leaf surface, the ci/ca ratio and biochemical fractionation during

cycling are determined by topography and its interaction with pre-

photosynthesis, together, can be used to approximate the diffusive

cipitation (Schimel et al., 2002; Zapata‐Rios, Brooks, Troch, McIn-

and metabolic isotope effects driving

tosh, & Rasmussen, 2016). Ecosystem‐atmosphere CO2 exchange in

& Cerling, 1995; Farquhar, Oleary, & Berry, 1982). Examination of

western forests is controlled in large part by the annual delivery of

the δ13C in cellulose allows for physiological inferences about the

mesophyll CO2 concentration for simplicity, diffusive fractionation at

13

C discrimination (Ehleringer

water from the melting winter snowpack (Hu, Moore, Burns, & Mon-

molar intrinsic leaf water‐use efficiency (iWUE = A/gs) and its relation

son, 2010; Monson et al., 2005; Winchell, Barnard, Monson, Burns,

to climate variability through time (Farquhar et al., 1982; Francey &

& Molotch, 2016), while summer rains can compensate for snowpack

Farquhar, 1982; Frank et al., 2015; Gessler et al., 2014; Leavitt,

limitations (Berkelhammer, Stefanescu, Joiner, & Anderson, 2017;

2001; Roden & Ehleringer, 2007). The oxygen stable‐isotope ratios

West, Hultine, Burtch, & Ehleringer, 2007). Summer rain in the

in wood cellulose (δ18O) are influenced by two main variables: tem-

southwestern United States is delivered by the North American

poral variability in the isotopic content of the water sources used by

Monsoon (NAM), a climate system that has been active during the

plants and isotopic enrichment (in transpiring leaves) driven by the

Holocene (Betancourt, 1990; Bhattacharya, Tierney, & DiNezio,

atmospheric vapor pressure deficit (VPD) (Roden et al., 2000; Trey-

2017). The utilization of soil water from different seasonal precipita-

dte et al., 2014). When the isotopic content of the water source is

tion sources, and the photosynthetic efficiencies that are realized by

known, it is possible to isolate the isotopic enrichment component

interannual variation in the amounts of winter and summer precipita-

of discrimination (e.g., Δ18O) which is driven by atmospheric VPD

tion, can be inferred through studies of the carbon and oxygen

and recorded in wood cellulose (Barbour et al., 2002; Cernusak et al.,

stable‐isotope ratios in the α‐cellulose of tree rings (Barbour, Wal-

2016; Farquhar et al., 1993). One challenge, however, with climatic

croft, & Farquhar, 2002; Craig, 1954; Francey & Farquhar, 1982;

interpretation of isotope ratios in EW and LW, is that these ratios

Leavitt & Long, 1986; Libby & Pandolfi, 1974).

can reflect environmental input from multiple seasons and past

Most often, tree‐ring stable‐isotope analysis is used to study

years, consequently blurring the differences caused by specific sea-

interannual and decadal scale relationships between climate and car-

sonal climate regimes (Gessler et al., 2014; Helle & Schleser, 2004;

bon/water cycling (Bale et al., 2011; Leavitt, 2002; Roden & Ehlerin-

Szejner et al., 2016; Vaganov et al., 2009). The cross‐correlation

ger, 2007; Treydte et al., 2007; Wright & Leavitt, 2006). However,

between isotope ratios in EW and LW has been observed previously

more finely resolved temporal‐scale analyses, such as those utilizing

(Helle & Schleser, 2004; Kagawa, Sugimoto, & Maximov, 2006;

the earlywood (EW) and latewood (LW) portions of annual rings,

Kimak & Leuenberger, 2015; Kress et al., 2009; Leavitt, 2002; Vaga-

have also been used (Babst et al., 2016; Fritts, 1976; Griffin et al.,

nov et al., 2009). This correlation can be attributed to external (e.g.,

2013; Kerhoulas, Kolb, & Koch, 2017; Labotka, Grissino‐Mayer,

persistent interannual climate trends) and internal (e.g., mixing of car-

Mora, & Johnson, 2016; Leavitt, 2002; Meko & Baisan, 2001; Ogée

bon and water pools) processes, and the assessment of the relative

et al., 2009; Pellizzari, Camarero, Gazol, Sangüesa‐Barreda, & Carrer,

importance of these influences will provide insights into how to bet-

2016; Sargeant & Singer, 2016; Szejner et al., 2016; Vaganov et al.,

ter read the seasonal and interannual alignment of climate‐isotope

2009; Walcroft, Silvester, Whitehead, & Kelliher, 1997). At the onset

relations.

of the growing season, cambial activity in conifer stems initiates

The geographic domain for our studies was that of the North

xylogenesis forming earlywood (EW), which is usually characterized

American Monsoon (NAM) climate system in the southwestern Uni-

by large‐diameter tracheids. As the early growing season progresses

ted States (Higgins, Yao, & Wang, 1997; Sheppard, Comrie, Packin,

into summer, cambial activity slows, producing a distinguishable

Angersbach, & Hughes, 2002). Past studies on carbon and oxygen

change in ring anatomy characterized by smaller‐diameter tracheids

isotopes in earlywood (EW) and latewood (LW) of Pinus ponderosa

with thicker cell walls and smaller lumens, giving the wood a darker

(Douglas ex C. Lawson) suggest that forests in the southern part of

hue, which is known as latewood (LW) (Pallardy, 2008). These

the study area function, on average, with lower iWUE, than in the

anatomical features and seasonal differences between EW and LW

northern part, and show lower evaporative enrichment of

should reflect phenological processes cued to photoperiod and tem-

compared with EW (Szejner et al., 2016). Unresolved, however, was

perature, as well as the direct influences of a changing seasonal cli-

the causal influence of cross‐correlation between the isotope ratios

mate

stable‐isotope

of EW and LW, which may obscure otherwise clear signals of sea-

composition of cellulose in these different tissues records fractiona-

sonal climate variations in some parts of the regional gradient more

tions associated with both kinetic and thermodynamic (equilibrium)

than others (Kimak & Leuenberger, 2015; Rahman et al., 2016). In

influences on carbon and water exchanges through the soil–plant–at-

this study, we assessed the seasonal and interannual influences on

mosphere continuum (Farquhar, Cernusak, & Barnes, 2007; Farquhar,

EW and LW isotope ratios using regression models (Griffin et al.,

Ehleringer, & Hubick, 1989; Roden, Lin, & Ehleringer, 2000).

2013; Meko & Baisan, 2001; Stahle et al., 2009; Torbenson, Stahle,

on

carbon

and

water

availability.

The

18

O in LW

According to theory, the relative influences of stomatal conduc-

Villanueva Díaz, Cook, & Griffin, 2016), and a coupled stable‐isotope

tance (gs) and photosynthetic carbon assimilation rate (A) will deter-

fractionation–climate model (Barbour, Roden, Farquhar, & Ehleringer,

mine the gradient between the intercellular (ci) to ambient (ca) CO2

2004; Roden, Kahmen, Buchmann, & Siegwolf, 2015; Roden et al.,
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2000). We addressed three questions: (a) Are seasonally resolved cli-

locations within the central and northern parts of the region (Fig-

mate‐isotope relationships obscured by cross‐correlations in the δ13C

ure 1c,d) However, in parts of the southern region—close to the

and δ18O ratios between EW and LW? (b) Are there geographical

border with Mexico—VPD decreases in summer due to monsoon

patterns in the cross‐correlations between the isotope compositions

humidity.

in EW and LW? (c) Can stable‐isotope process models, applied to
tree rings, explain temporal and geographic patterns in the dependence of isotope ratios in EW and LW on seasonal climate variation?

2.2 | Data collection
An updated version of the Pinus ponderosa tree‐ring isotope network

2 | MATERIALS AND METHODS

that was originally assembled by Szejner et al. (2016) was used in
this study. The new dataset contains two more sites: Bryce Canyon,

2.1 | Study area

Utah (BRY, 1960–2015) and Mesa Verde, Colorado (MVP, 1911–

Summer climate across much of the southwestern United States is

extended back in time from 1960 to the 1930s, and the “common

characterized by an annual monsoon system, the North American

period” used in comparing all sites is 1960–2012. For each site, we

Monsoon (NAM). Within the domain of the NAM, winter precipita-

developed EW and LW chronologies of both carbon (δ13C) and oxy-

tion decreases from northwest to southeast and summer precipita-

gen (δ18O) isotope ratios, for a total of 52 stable‐isotope chronolo-

tion decreases from south to north. Within the part of the NAM

gies from 13 sites (four chronologies per site). The sites are

domain that we studied, the northernmost site (in Utah) receives

distributed across the southwestern United States with five sites

20%–30% of the total annual precipitation as summer rain, whereas

located in Arizona, four sites in New Mexico, three sites in Utah,

the southernmost sites (in Arizona and New Mexico) receive 40%–

and one site in Colorado (Figure 1a). At the local scale, we avoided

60% of the annual total as summer rain (Figure 1a). Precipitation

choosing sites with large surrounding watersheds that could con-

seasonality is coupled with large variations in atmospheric water

tribute runoff water from higher elevations, evidence of past century

vapor pressure deficit VPD (Figure 1c,d). The transition from spring

land‐use changes, and evidence of tree‐to‐tree canopy competition.

2015). Additionally, three chronologies (RCP, LMP, and WCP) were

to summer is evident as increased temperature, which results in drier

We collected 2–3 cores from 20 to 30 trees using 5 mm incre-

atmospheric conditions during summer—higher VPD—at many

ment borers. In order to secure enough wood for isotope analysis,

F I G U R E 1 Tree‐ring network and
seasonal moisture regime. Solid dots
indicate the thirteen investigated sites. (a)
Map of summer precipitation (July, August,
September) proportion of annual
precipitation in the region of influence of
the North American Monsoon (NAM). (b)
Mean cool‐season (October–September)
and summer precipitation at four separate
tree‐ring sites. Error bars are two standard
errors of the mean. (c) Mean spring (AMJ)
atmospheric vapor pressure deficit (VPD),
(d) mean summer (JAS) VPD. Seasonal
changes in VPD with the onset of the
summer monsoon in July are an important
determinant of leaf carbon and isotope
ratios. Monthly data for the period 1895–
2015 were obtained from PRISM (PRISM
Climate Group, 2004)
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we chose 4–5 sampled trees at each site to be processed and further

standards, n = 397), and the δ18O sample precision was ±0.23‰

analyzed (Leavitt, 2002; Leavitt & Long, 1986). The trees we ana-

(n = 570). Each δ13C chronology was corrected for both decreases in

lyzed satisfied the following criteria: (a) medium age of ca. 100–

the time‐dependent atmospheric

150 years, (b) signs of vigorous recent growth with a well‐formed

fuel combustion (the so‐called Suess effect; Suess, 1955; ) and for

13

C/12C due to progressive fossil

and symmetrical crown, and (c) no obvious occurrence of intra‐an-

the influence of progressive increases in atmospheric CO2 on direct

nual density fluctuations (false rings), which complicate the seasonal

and indirect changes in ci/ca, concentration through the so‐called

interpretation of EW and LW formation.

preindustrial (PIN) correction (McCarroll et al., 2009).

2.3 | Sample preparation and isotope analysis

2.4 | Statistical analysis

Samples were mounted using water‐soluble hide glue and sanded

We used the cross‐correlation function (CCF) analysis (Jenkins &

with fine‐grained sand‐paper, to allow for visual cross‐dating (Stokes

Watts, 1968) to assess the lagged correlation between LW isotope

& Smiley, 1996). After cross‐dating, each dated annual tree ring was

ratios and EW1 isotope ratios. In our case, the CCF is the correlation

sliced into three sections: earlywood (EW), which was split into two

between two separate time series as a function of number of years

halves EW1 and EW2, and latewood (LW) (Figure 2). Samples were

of offset:

ground to 20 mesh—0.84‐mm size particles—and heat sealed in permeable bags produced from a polymer fabric (Ankom Technology,

xt with ytþi ; i ¼ 10 : 10; when xt is LW and ytþi is EW1 in yeart

(1)

Macedon, NY, USA). Samples of α‐cellulose were extracted from

For example, in this case, LW was fixed in time and EW1 was

each wood sample following the method described by Leavitt and

lagged several time steps (years) from −10 to 10. For each lagged step,

Danzer (1993), with the addition of a sodium hydroxide step, and

the Pearson correlation coefficient was computed to assess the magni-

additional modifications as described in Szejner et al. (2016). Only

tude of the cross‐correlation between EW1 and LW. Negative lags

EW1 and LW were used for the isotopic analysis to ensure good

were used to explore the LW correlation on past EW1, and positive

seasonal separation of isotope signals. Our initial assumption was

lags were used to explore the LW influence on future EW1. The CCF

that the EW1 division was matured using precipitation from winter

with a parameterized lag of 0 tests for a concurrent (same growing

and spring and that the LW division was matured using summer pre-

season) relationship between EW1 and LW. We note that uncertainty

cipitation (Belmecheri, Wright, Szejner, Morino, & Monson, 2018;

in the CCF is amplified when the individual series are autocorrelated

Pallardy, 2008; Szejner et al., 2016; Ziaco, Truettner, Biondi, & Bul-

(Yamaguchi, 1986). To circumvent this source of uncertainty, we also

lock, 2018). For each year and for each site, each subdivision was

examined the CCF after removing autocorrelation from the individual

pooled from all trees into one combined sample, except every

chronologies with a 10th order autoregressive model (AR(10) model).

10 years when we analyzed trees separately to quantify intertree

In previous studies, ring width chronologies that had a significant EW‐

variability. The coefficient of variation among trees in each site was

LW relationship have been adjusted using the residuals of a linear

low, with averages of: 3.1 ± 0.7% for EW1 δ13C, 4.0 ± 1.2% for LW

regression model using LW and EW producing the adjusted‐LW index

δ C, 5 ± 1.6% for EW1 δ O, and 5.5 ± 3.0% for LW δ O.
13

18

(LWadj) (Griffin, Meko, Touchan, Leavitt, & Woodhouse, 2011; Meko &

C/12C were measured from the CO2 produced

Baisan, 2001; Stahle et al., 2009). Therefore, after exploring the CCF's,

during α‐cellulose combustion in a high‐temperature conversion ele-

we followed the same procedure for producing an adjusted‐LW index

mental analyzer coupled with a Thermo Delta Isotope Ratio Mass

with respect to δ13C and δ18O.

The ratios of

13

18

Spectrometer (TC/EA–IRMS) in the Environmental Isotope Laboratory

To test the effect of the linear regression between LW and

of the Department of Geosciences at the University of Arizona. The

EW1, we compared both sets of chronologies with and without

O/16O ratios were measured on the CO produced by α‐cellulose

adjustment, (LWadj and LW) and regressed each against atmospheric

pyrolysis (Saurer, Robertson, Siegwolf, & Leuenberger, 1998) in a TC/

VPD for the “early” and “late” seasonal periods of AMJ and JAS.

EA–IRMS at the Stable Isotope Ratio Facility for Environmental

The VPD in kPa was computed for each month by subtracting the

Research at the University of Utah. Isotope ratios are expressed in

actual vapor pressure (ea) from the saturated vapor pressure (es),

delta (δ) notation relative to the δ13C VPDB (‰) and δ18O VSMOW

using maximum and minimum temperatures to estimate es (Ficklin &

(‰). The δ13C sample precision was ±0.09‰ (standard deviation cal-

Novick, 2017), and dew‐point temperatures to estimate ea. The data

18

culated from the average difference between measured internal

F I G U R E 2 Photograph showing the intra‐annual sample components of EW1 and LW in annual rings of Pinus ponderosa (Image prepared by
Kiyomi Morino, University of Arizona)
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used for this purpose come from the PRISM dataset (PRISM Climate

monthly resolution from 1979 to present. For each site, we esti-

Group, 2004).

mated δ18Op from the IsoGSM field using the geospatial coordinates

The maximum common temporal variability among the sites was

for each field site.

computed using a principal component analysis (PCA) based on the

We ran the model for δ18Ocel and Δ18Ocel at a monthly resolu-

standardized time series of each site (n = 13 and for the 1979–2012

tion and then calculated 3‐month means corresponding to the spring

period). We also performed a separate PCA for measurements of

months of April, May, and June (AMJ) and the summer months of

δ18O EW, δ18O LWadj and for the δ18Ocel and Δ18Ocel modeled for

July, August, and September (JAS). These months correspond, gener-

spring and summer (see Supporting Information Appendix S1).

ally, to the periods of snow melt and monsoon rain, respectively.
Modeled isotope ratios were compared with observed measurements
of δ18O in EW1 and LW using two different approaches: (a) compar-

2.5 | Coupled isotope fractionation–climate model
of δ18O

ison of the isotopic mean annual difference between EW1 and LW
for measured and modeled δ18O, and (b) comparison of the temporal

We used a forward mechanistic modeling approach to predict the

variability using the first principal component (PC1) of measured and

expected oxygen isotope ratios of cellulose at monthly resolution

modeled seasonal δ18Ocel and Δ18Ocel. In this case, principal compo-

(Barbour et al., 2004; Roden et al., 2000). The model has two main

nent analysis (PCA) allowed us to conduct a heuristic simplification

environmental drivers: the isotopic composition of the water sources

to assess variance in the partitioning of modeled and observed val-

and atmospheric VPD. The predicted oxygen isotope ratio in cellu-

ues for δ18Ocel and Δ18Ocel across multiple sites and multiple time

18

series—in essence, evaluating the match between modeled and mea-

lose (δ Ocel) is determined as follows (Barbour et al., 2004):

sured values when expressed to a commonly transformed statistical

δ18 Ocel ¼ f0 ðδ18 Owx þ ɛ c Þ þ ð1  f0 Þðδ18 Olw þ ɛc Þ

(2)

mode. Taking account of the model's logic, the PCA approach

where δ Owx is the isotopic composition of the xylem water (source

allowed us to assess the differential variance contribution coming

water), δ18Olw is the isotopic composition of leaf water that depends

from atmospheric demand (VPD, expressed in Δ18Ocel) and from the

on the VPD and the isotopic composition of the water vapor. In

variability of both VPD and the isotopic composition of source water

deploying this model, we used the δ O of the source water to sim-

(expressed in δ18Ocel).

18

18

ulate isotopic enrichment in atmospheric water vapor, assuming the
isotopic steady‐state condition (Craig & Gordon, 1965; Farquhar &
Cernusak, 2005) (see Supporting Information Appendix S1). In the
model, ɛc, is the average fractionation constant between water and
organic material and is taken as ~27‰, despite some evidence indicating that the fractionation can be dependent on temperature

3 | RESULTS
3.1 | Long‐term trends in EW1 and LW
In processing our samples, we routinely made corrections for long‐

(Sternberg & DeNiro, 1983; Sternberg & Ellsworth, 2011). f0 is the

term trends in the atmospheric CO2 concentration and accompany-

fraction of oxygen atoms exchanged between phloem‐transported

ing responses in ci/ca (McCarroll et al., 2009; Suess, 1955). These

photosynthate and xylem water (assumed to be source water) during

corrections are commonly applied to tree‐ring δ13C chronologies

cellulose synthesis; in this case, we used an f0 = 0.5 due to the arid-

(Bale et al., 2011;Szymczak, Joachimski, Bräuning, Hetzer, & Kuhle-

ity of the study region (Cheesman & Cernusak, 2016). The

18

O/16O

mann, 2012; van der Sleen, Zuidema, & Pons, 2017), with assump-

18

tions and procedures based on empirical trends in the state of the

of tree‐ring cellulose can also be defined in terms of leaf water

O

enrichment above that of source water (Farquhar et al., 1993); this

atmosphere and theoretical boundaries on the response of ci/ca to

allows for the expression of leaf evaporative enrichment indepen-

increases in ca (McCarroll & Loader, 2004; McCarroll et al., 2009).

dently from variations in source water isotope ratio (Barbour et al.,
2004). This form of the

18

O/ O ratio is written as Δ Ocel:
16

18

Δ Ocel ¼ Δ18 Olw ð1  f0 Þ þ ɛ c
18

More recently, an analysis of tree responses to changes in ca, using
over 50 studies in which knowledge or control over ca was possible,

(3)

has led to a general prediction of the time‐dependent changes in
13

C/12C fractionation (Δ13C) as ca changes from ~200 to 400 ppm

To estimate the influence of climate on leaf water enrichment,

(Voelker et al., 2016). This analysis showed a nonlinear relationship

we used site‐specific climate data from the PRISM dataset (PRISM

between Δ13C to changes in ca, decreasing from ~0.011‰ per ppm

Climate Group, 2004). We estimated the Δ Olw following the Craig‐

of CO2 to ~0.006‰ per ppm of CO2 over the past century (Voelker

Gordon model (see Supporting Information Appendix S1).

et al., 2016). This analysis provides a means to assess the spatial and

18

We made a simplifying assumption that the xylem water δ18Owx

temporal coherence in the time‐dependent shifts in our carbon iso-

during the formation of EW is equal to the weighted 3‐month mov-

tope chronologies, against those for numerous tree species respond-

ing average δ18O of winter and spring precipitation (δ18Op) and the

ing only to atmospheric changes in

xylem water δ18Owx during the formation of LW is equal to the

ca. We took advantage of the availability of this analysis to further

monthly mean δ18O during summer precipitation. The δ18Op was

explore possible long‐term trends that might be apparent in the δ13C

computed with the Isotopes‐incorporated Global Spectral Model

values of EW1 and LW. Theoretically, divergence in the observed

(IsoGSM; Yoshimura, Kanamitsu, Noone, & Oki, 2008), using data at

and predicted time series will reveal the degree of spatiotemporal

13

C/12C isotope composition and
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coherence among multiple sites with regard to isotope responses

The relationships among EW1t + 0 and LWt + 0 chronologies (lag

across multiple decades, and the relative sensitivities of the

0) are statistically significant for most sites. The cross‐correlation

chronologies to climate versus atmospheric changes in isotope com-

functions (CCF) of all chronologies suggest that EW1 and LW share

position and ca. The results shown in Figure 3 reveal that the thir-

a sizeable proportion of the autocorrelation; significant relationships

teen sites investigated show a high degree of spatiotemporal

at positive and negative lags occur when LW is correlated with

coherence and thus general similarity in the isotope–climate relation

EW1t + i. The results shown in Figure 4 support our original hypoth-

observed across a broad geographic domain, and that the procedures

esis that common influences are revealed in the isotope ratios of

that we used to remove atmospheric trends in isotope composition

both EW1 and LW, confirming the need to test LW‐EW1 relation-

and ca resulted in clear uncoupling of chronologies from the trend

ships without the autocorrelation from each chronology. After apply-

expected for influences of atmospheric composition alone (also see

ing the autoregressive model of order 10, the residual chronologies

Supporting Information Appendix S1).

called EW1(AR10) and LW(AR10) were used to clarify the lagged
relationships that are independent of shared autocorrelation.

3.2 | Temporal dependencies between EW1 and
LW

After removal of the autocorrelation in each chronology, the relationship between δ13C EW1t + 0 and LWt + 0 remained significant for
most sites, except for LMP and SAP. The lagged relationship in SLS,

Prior to assessing cross‐correlations, we observed that most of the

GHP, SPP, KPP, and MFP showed a significant positive relationship

EW1 and LW chronologies of δ13C and about half of the chronolo-

between LW and EW1t + 1, where LW had some statistical influence

gies of δ18O are significantly autocorrelated (Figure 4a–d). Significant

on EW1 of the following year. In contrast, the δ18O CCF results

autocorrelation often extends to a lag of 2 years, meaning that the

showed a significant positive relationship between LW and EW1 of

current year's departure from the mean depends on the departure in

the same year only in some sites SPP, LMP, BRY, KPP, and RCP. At

the previous 2 years. At some sites, δ C EW1 is autocorrelated with

a positive lag of 1 year (LW and EW1t + 1), only SLS, GHP, CDT,

a lag of more than 4 years (SLS, KPP, MVP, BRY, and RCP) and δ13C

MVP, and BRY showed significant correlations. At a lag of 2 years,

LW is autocorrelated for more than 2 years (WCP, SLS, SAP, SPP,

some the most southerly sites (SLS and SAP) showed significant cor-

and MVP). Autocorrelation of δ18O in EW1 and LW at some sites

relations between LW and EW1t + 2.

13

extends to more than 2 years (WCP, CPP, and RCP). Except for four
sites (SAP, GHP, CDT, and MVP), statistically significant autocorrelation was found in δ13C EW1 and LW chronologies. In the case of

3.3 | Spatial patterns of EW1‐LW connections

δ18O EW1 and LW chronologies, the northern most sites, in general,

The cross‐correlation between LWt + 0 and EW1t + 0 was significant

did not show autocorrelation with the exception of RCP which is

for most of the δ13C chronologies, with the exceptions of LMP and

likely explained by a long‐term positive trend of δ C enrichment,

SAP (Figures 4 and 5a,b). However, we observed a distinct latitudinal

combined with a strong partial autocorrelation of first order (see

pattern whereby sites in the northerly part of the NAM domain

Supporting Information Appendix S1).

showed a higher EW1‐LW correlation compared to the southern

13

sites. For most of the δ18O chronologies, LWt + 0 and EW1t + 0 were
independent and with no distinct spatial pattern (Figure 5c). When
we analyzed the residual chronologies after the autoregressive
(AR10) modeling, we observed a small reduction in the correlation
values but no change in the general spatial pattern of the EW1‐LW
temporal dependence of δ13C values. However, the correlations
between EW1‐LW showed a cluster of sites in the southern region
where EW1 and LW were statistically independent (Figure 5d).
Because the cross‐correlations between EW1 and LW were statistically significant for most of the sites, even after removing the
autocorrelation (especially for δ13C; see Figure 5), we used linear
regressions between the isotope ratio chronologies in EW1 and LW
to obtain the residual chronologies (LWadj) (Griffin et al., 2011; Meko
& Baisan, 2001). These residuals (LWadj) are independent from the
influence of antecedent conditions, and therefore no significant
cross‐correlation with EW1. LWadj and LW chronologies were comF I G U R E 3 Divergent patterns between expected and observed
trends in Δ13C. The black line represents the expected Δ13C
considering the effects of increasing the atmospheric CO2 and Suess
effect (Voelker et al., 2016). Red and blue chronologies are the
observed Δ13C (Z‐scores) for EW and LW, respectively

pared with seasonal VPD for AMJ and JAS (Figure 6). As reported in
Szejner et al. (2016), LW chronologies were significantly correlated
with both spring and summer VPD, whereas most of the LWadj
chronologies were significantly correlated only with summer VPD
(Figure 6).
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(a)

(c)

(b)

(d)

(e)

(g)

(f)

(h)

ET AL.

F I G U R E 4 Autocorrelation (ACF) and cross‐correlation (CCF) summary of the stable‐isotope time series. The x‐axis is lag (years). Tree‐ring
sites are ordered south to north (top to bottom) along the y‐axis. Significant (p < 0.05) correlations are shown with shaded blue (positive) or
brown (negative). The top‐half panels show the following ACF results; (a) ACF of EW1 δ13C, (b) ACF of LW δ13C, (c) ACF of EW1 δ18O, and
(d) ACF of LW δ18O. The bottom‐half panels show the following CCF results; (e) CCF δ13C using the standard chronologies, (f) CCF δ13C using
the residual chronologies after autoregressive modeling AR(10) (g) CCF δ18O using the standard chronologies, and (h) CCF δ18O using the
residual chronologies from an AR(10) model
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F I G U R E 5 EW1‐LW correlations after
extracting the individual autocorrelation
from subannual ring components EW1 and
LW. Significant (p < 0.05) correlations are
shown by the corresponding size of black
circles. The original isotope chronologies
are shown in the upper maps (a, c) and the
AR(10) residual chronologies in the lower
maps (b, d). The left side maps are for
δ13C, and the right‐side maps are for δ18O

F I G U R E 6 Effect of LW adjustment
(LW independent from the EW) on the
correlation of LW isotope ratios with VPD
in spring (AMJ) and summer (JAS). Left
panels show results for δ13C (a, b), and
right panels show results for δ18O (c, d).
Top panels are without adjustment of
latewood (a, c), and bottom panels are with
adjustment (b, d). Correlation and season
of climate data are size‐coded, and color‐
coded is according to the left key. Only
significant (p < 0.01) correlations are
coded

3.4 | Coupled isotope fractionation–climate model
of δ18O

northern sites (~0‰) (Figure 7). These patterns were reproduced
using forward mechanistic modeling. When comparing our observations and modeled outputs (Figure 7b), we found an r2 = 0.63 with

The EW1 δ O was more enriched than the LW δ O in the south-

an RMSE of 1.87‰. The slope of the linear regression between the

ern sites (~4‰) with the difference decreasing gradually toward the

measured

18

18

and

modeled

EW‐LW

difference

revealed

an
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overestimation of the difference between EW1 and LW, mainly for

and LW for δ13C and δ18O chronologies. ACF and CCF are rou-

the southern sites where the modeled difference was larger. Addi-

tinely used in time series analysis to detect and remove temporal

tionally, the temporal variability recorded in the observed PC1 in

persistence on the basis of autoregressive modeling (Bloomfield,

EW1 is mostly explained by evaporative enrichment (Figure 7c). The

2000; Bunn, 2008; Ghil et al., 2002; Holmes, 1992; Yamaguchi,

temporal variability recorded in the modeled PC1 δ18Οcel modeled

1986). Persistence is when a temporal system remains in the same

for spring (AMJ) did not correlate with observed EW1 δ18O (Fig-

departure sign (above or below the long‐term mean) for more than

ure 7e). However, the PC1 from Δ18Ocel modeled for spring climate

one consecutive observation. Persistence refers to a time series

showed significant correlations with the PC1 from EW1 δ O (Fig-

that is positively autocorrelated across sequentially sampled points

ure 7c) (see Supporting Information, Table S1). In contrast, the PC1

(Bloomfield, 2000; Ghil et al., 2002; Yamaguchi, 1986). We

from both models—δ18Ocel and Δ18Ocel—corresponding to summer

observed high‐order and low‐frequency autocorrelation in the EW1

growth was significantly correlated with the PC1 from LWadj δ18O

fraction for δ13C that lasted for 7–10 years at some sites (e.g., SLS,

(Figure 7d,f). This latter result showed that a significant percentage

MVP, RCP), and for δ18O that lasted for 10 years at some sites

of the variance was best explained by evaporative enrichment, and

(e.g., WCP and RCP) mainly explained by a strong long‐term trend.

another percentage of the variance was most likely explained by the

Low frequency in tree‐ring time series has been attributed to exter-

18

exchange of

18

O and

16

O between phloem sucrose and nonfraction-

ated source water in the xylem (Sternberg & DeNiro, 1983).

nal factors such as long‐term climatic variations, progressive age
effects on trees, and long‐term responses to ecosystem disturbance

Most of the sites showed a significant, positive correlation

(Cook, Meko, & Stockton, 1997; LaMarche, 1974; Lorimer, 1989).

between predicted summer δ18O or Δ18O and observed LWadj δ18O,

We hypothesize that the low‐frequency influence in our study is

reflecting good alignment among monsoon precipitation, summer

distinct in cause from the higher frequency 2‐ to 3‐year autocorre-

evaporative enrichment and physiological processes involved in the

lation that we observed, with the latter due to internal factors such

synthesis of LWadj cellulose (Figure 7g). Six of the seven sites that

as the utilization of common nutrient or carbohydrate reserves, and

demonstrated a positive correlation between summer δ18O and LWadj

the time‐dependence of stress‐repair processes such as restoration

δ18O and six of the eight sites demonstrating a positive correlation

of xylem conductivity and replacement of lost leaf area (Adams et

between summer Δ18O and LWadj δ18O are in the southerly part of

al., 2017; Anderegg et al., 2015; Hacke, Stiller, Sperry, Pittermann,

the studied domain. Only three of the 13 sites demonstrated a signifi-

& McCulloh, 2001; Timofeeva et al., 2017). In our study, ACF and

cant, positive correlation between spring δ18O and EW1 δ18O, and

CCF revealed a general positive autocorrelation structure, particu-

two of those are in the northerly part of the studied domain (Fig-

larly in δ13C chronologies. For some sites, with the highest‐order

ure 7g). Nine of the 13 sites demonstrated a positive correlation

ACFs in EW1 δ13C values (e.g., SLS, MVP and RCP), positive auto-

between spring Δ O and EW1 δ O, and these were evenly dis-

correlation may also reflect temporal trends associated with succes-

tributed across the latitudinal extent of the studied domain (Figure 7g).

sive occurrence of anomalous droughts through several sequential

18

18

years, a pattern which has impacted this part of the United States

4 | DISCUSSION

for the last few decades (Breshears et al., 2005; Williams et al.,
2013). This hypothesis is supported in our analysis by the divergent

An improved understanding of the multiple influences of climate on

trend between the expected and observed Δ13C values (Figure 3).

tree‐ring δ C and δ O from EW and LW is crucial if we want to infer

Where all sites in our study region show a reduction in

tree water use and carbon assimilation patterns through subannual

fractionation, which is consistent with the general influence of a

13

18

13

C/12C

dendrochronological inference (Belmecheri et al., 2018; Gessler et al.,

“drying” regional climate that fosters higher iWUE (lower ci/ca) com-

2014; Treydte et al., 2014). Our aim in conducting this study was to

pared to the numerous tree species used in the comprehensive

investigate seasonal and interannual lags along a climate gradient as

analysis of Voelker et al. (2016).

influences on δ13C and δ18O in the EW1 and LW tissues within single

The autocorrelation structure was conspicuous in trees from

annual rings. Based on our analysis of P. ponderosa trees from 13 sites

multiple sites across the NAM climate gradient and best seen in

in the southwestern United States, we documented differences in the

the EW1 fraction, suggesting that this low‐frequency component

autocorrelation structures and the presence of seasonal and interan-

is more likely coupled to synoptic, widespread (and potentially

nual lags across the region, influenced annually by the North American

cyclic) climatic influences on winter precipitation, rather than vari-

Monsoon climate system. Our results provide insight into possible

ance in the cross‐gradient influences of the NAM. Our observa-

sources of the lag effects, particularly with regard to external (climate)

tions of a clear and general autocorrelation in the δ13C of EW1

versus internal (physiology) processes.

and LW suggest that the common seasonal low‐frequency component of the climate signal (Carrillo, Castro, Woodhouse, & Griffin,

4.1 | Seasonal relationships obscured by seasonal
lags

2015) is detected in the iWUE expressed during the respective
spring and summer seasons of active carbon assimilation. These
conclusions on the shared autocorrelation in partial ring widths

In this study, we used the autocorrelation function (ACF) and cross‐

are similar to those derived in previous studies using partial ring

correlation function (CCF) to assess the correlation between EW1

width chronologies (Carrillo et al., 2015; Griffin et al., 2013). The

SZEJNER
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F I G U R E 7 Consistency of the observed difference of δ18O ratios, and Δ18O ratios, between EW1 and LW with the difference modeled by
a coupled isotope–climate model. (a) Mean annual difference in seasonal isotope ratios at individual sites for observed (left map) and modeled
(right map) values. (b) Scatterplot of observed and modeled δ18O differences, solid line represents 1:1 relationship, where modeled = observed,
and the dashed line is the least square regression between observed and modeled δ18O EW1‐LW differences. (c) z‐score time plots of the
EW1 observed δ18O and the EW1 modeled Δ18Ocel (r = 0.56). (d) z‐score plots of the observed LWadj δ18O and the modeled LW Δ18Ocel
(r = 0.44). (e–f) z‐score time plots of the observed versus modeled δ18O for EW1 (r = 0.32) and LWadj (r = 0.7). Isotopic differences in the maps
are coded by symbol size according to the key at the top of figure. Subscript “cel” denotes “cellulose” and identifies model results, as opposed
to measurements in EW1 and LW. Pearson correlation values (r) between modeled and observed isotopes are reported in each plot. (g) Site
based comparison between modeled and observed oxygen isotope ratios. The color code is the Pearson correlation coefficients between
temporal variability of the modeled δ18Ocel and Δ18Ocel with the temporal variability of the δ18O EW1 and LWadj measurements. Significant
values (p < 0.05) are highlighted in bold point
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(a)

(c)

low‐frequency variability in δ13C in both EW1 and LW was also
detected with the CCF, showing significant positive correlations
from negative to positive lags LWt − 1, EW1t, LWt, and EW1t + 1
(Figure 4).

ET AL.

(b)

(d)

F I G U R E 8 Interseason correlations of
VPD (1960–2012) and interseasonal
relationships of subannual isotope series.
Shading is color‐coded field correlation of
VPD for the annotated 3‐month seasons of
February–April (FMA), April–June (AMJ),
and July–September (JAS). Circles in the
left maps (a, c) code the interseason (EW1
vs LW) correlation of δ13C. Circles in the
right maps (b, d) code the interseason
difference (EW1‐LW) of δ18O. Circles are
sized according to the keys shown above
the maps. Note that circle‐patterns in c
and d are identical to those in (a) and (b)

4.2 | Geographical patterns in the isotope
variability in EW and LW
It is theoretically possible that interseasonal influences, such as those

After filtering the autocorrelation from LW and EW1 isotope

shown in Figure 8, can be caused by extrinsic factors, such as large‐

chronologies, the strength of the interseasonal cross‐correlations

scale geospatial climate trends and teleconnections (i.e., large‐scale

between LW on EW1 isotope chronologies decreased, but their

causal relationships in climate) that cause winter and summer precip-

presence persisted (Figure 8). These residual correlations most likely

itation regimes to be positively correlated at specific sites. This could

reflect higher‐frequency effects, such as the common utilization of

occur, for example, for EW1 and LW δ13C if dry springs are followed

stored carbohydrate pools or stored soil water pools within the

by dry summers, both of which would be correlated with higher

same year. The common use of resources would introduce intersea-

δ13Ccel. However, past studies, if they report the existence of cross‐

sonal lags in the influence of climate on observed patterns in

correlation in successive‐season precipitation patterns, have reported

iWUE, gs and A (Helle & Schleser, 2004; Kimak & Leuenberger,

negative, not positive, correlations (Grimm, Pal, & Giorgi, 2007; Kim,

2015; Kress et al., 2009; Labotka et al., 2016; Leavitt, 2010; Sar-

Kim, Arritt, & Miller, 2002). As a specific example, Castro, McKee,

geant & Singer, 2016; Vaganov et al., 2009). The linear regression

and Pielke (2001), Castro, Pielke, Adegoke, Schubert, and Pegion

approach that we applied to the EW1 and LW time series was

(2007) showed that during cool phases of El Niño Southern Oscilla-

effective in distinguishing sites that show clear evidence of sea-

tion (ENSO) and the Pacific Decadal Variability, winter precipitation

sonal dependence of isotope ratios on climate. This finding was

in the western United States is generally below average, but the

seen in the fact that the variance of the δ13C LW chronologies

subtropical ridge is displaced further north than usual during the

showed a significant signal from the combined influences of both

early summer, causing earlier and stronger monsoon activity in the

spring and summer VPD, whereas the variance of the corrected

arid southwestern United States. Bieda, Castro, Mullen, Comrie, and

δ13C LWadj chronologies (see Materials and Methods) excluded the

Pytlak (2009) supported these results, showing that cooler sea sur-

spring VPD signal and retained only summer‐related variability,

face temperature (SST) in the Eastern Pacific favors more frequent

especially in the southern sites that lie within the core of the NAM

occurrence and northward tracking of summertime upper‐level dis-

climate system (Figure 6).

turbances that cause more frequent‐than‐normal bursts of summer
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monsoon rainfall. In contrast, Griffin et al. (2013) reconstructed
500 years of cool‐ and warm‐season standardized precipitation index
from EW and LW ring widths and found that the previously reported
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4.3 | Mechanistic interpretation of δ18O EW and
δ18O LW under seasonal climate variations

antecedent negative correlations are not temporally stable when

We deployed a mechanistic model (Barbour et al., 2004; Roden et

considered across longer centennial timescales, especially in the US

al., 2000) to better inform us of the causes of the observed spatial

NAM region. Thus, while there is some room for uncertainty, several

pattern in the seasonal differences between the δ18O values in EW1

analyses of observational data—supported by modeling—suggest

and LW. Using the model, we documented significant relationships

that over the past ca. 100 years wet (dry) winters can be followed

between our observations of δ18O in EW1 and the modeled results

by dry (wet) monsoons, and this negative correlation may be caused

of Δ18Ocel for spring (Figure 7). In the case of modeled Δ18Ocel val-

by temporal and spatial connections involving mountain snowpack

ues, “Δ” refers to enrichment alone and does not include variations

albedo, remote Pacific Ocean SST, and greenhouse gas forcing of

in source water δ18O (Barbour et al., 2004). In the case of modeled

the surface radiative balance (Cook & Seager, 2013; Grantz, Rajago-

δ18Ocel values, however, “δ” refers to enrichment plus the seasonally

palan, Clark, & Zagona, 2007; Gutzler & Preston, 1997). The exis-

varying source water isotope fraction (Cheesman & Cernusak, 2016;

tence of a negative correlation in the seasonal precipitation of

Gessler et al., 2014; Offermann et al., 2011). Our modeled results

winter versus summer would work in the opposite direction to that

suggest that the most important determinant of the temporal vari-

required for explaining the general and positive cross‐correlations in

ability in the observed δ18O of EW1 across the geographic gradient

the isotope signals of EW1 and LW in our analysis. There are, how-

is enrichment, driven by VPD and the associated evaporative frac-

ever, some nuanced exceptions in these seasonal weather (VPD)

tionation effect, rather than variation in the isotopic composition of

relationships, depending on specific season and geographic regions

source water. In applying this same modeling approach for the

(Figure 8).

observed δ18O values of LW, we found that both modeled δ18Ocel

We observed a clear increasing trend of seasonal cross‐correlation

and Δ18Ocel show significant relationships with observed LWadj δ18O

in the δ C in EW1 and LW from south to north, following the gradient

(Figure 7), and inclusion of source water in the model (δ18Ocel) more

of decreasing summer monsoon influence (Figure 8). In the southern-

than doubles the variance explained. This pattern in the LWadj δ18O

most sites, which are characterized by distinct bimodal seasonality

suggests that monsoon reduction in the VPD has a significant role in

13

related to the NAM, we observed less dependence of LW δ C on

reducing evaporative enrichment, such that variability in the source

EW1, than in the northernmost sites. This spatial trend was evident

water δ18O becomes evident as a larger component explaining the

even after removal of the low‐frequency autocorrelation (Figure 5c,f),

total observed variance in δ18Ocel.

13

indicating the presence of intra‐annual, differential winter and summer

Our studies have shown significant cross‐correlations between

influences between the EW1 and LW isotope signals. These patterns

isotope ratios in EW1 and LW, with low‐frequency and high‐fre-

were less obvious for δ18O. It is not clear why significant intra‐annual

quency components are amenable to independent partitioning. The

correlations are less frequently observed in δ18O of EW1 and LW,

magnitude of these potentially confounding cross‐correlations varies

compared to δ13C. It is possible that commonly used carbohydrate

geographically, as evidenced in our observations across a prominent

stores influences δ C more than δ O. It is also possible that the

gradient in the contribution of summer precipitation. The existence

potential for secondary isotope exchanges with nonfractionated xylem

of subannual connections is itself informative as to the effect of sea-

water for δ18O during xylogenesis, explains the contrasting patterns

sonal and multi‐year lags on isotopic variance. Once the cross‐corre-

for δ13C and δ18O; both processes would potentially decrease distinc-

lations were identified, we could implement a statistical correction to

tions in δ O between EW1 and LW.

account for confounding effects in our search for seasonal isotope–

13

18

18

Once the cross‐correlations were removed from the intraseasonal

climate‐physiology linkages. Once corrected, we were able to use

components of the time series, thereby creating discrete seasonal

mechanistic modeling to predict the δ18O in cellulose and show that

time series, we were able to more accurately assess the direct influ-

VPD played a dominant role in driving the observed EW1 δ18O vari-

ences of summer precipitation, and associated reduced VPD, on the

ance. In contrast, both VPD and source water had significant influ-

isotopic composition of the LWadj. As previously reported, there are

ences on the δ18O of LWadj across the entire geographic gradient. In

clear differential influences of summer climate on the δ C and δ O

general, our results show that it is possible to disentangle isotope

of LW (Labotka et al., 2016; Sargeant & Singer, 2016; Treydte et al.,

ratio source mixing across intra‐annual portions of tree rings. These

2014). Consistent with previously reported observations, in this

findings allow us to gain insight into the phenology and lags associ-

region, VPD has a particularly strong influence on LW cellulose iso-

ated with carbon assimilation, allocation to wood production and the

tope ratios (Szejner et al., 2016). Reduced VPD on most days in the

differential utilization of winter versus summer precipitation in cou-

core of the NAM domain, during late‐summer, in combination with

pling the water and carbon cycles in these montane ecosystems.

the seasonal recharge of soil water stores, presumably foster higher

These insights should be especially useful in the exploration of past

steady‐state ratios of intercellular‐to‐ambient CO2 concentration (ci/

geographical shifts in the NAM climate system and of past temporal

ca), which reflect lower needle intrinsic water‐use efficiency (iWUE)

patterns in the climate variability that influences ecosystem produc-

13

18

and isotope discrimination leading to lighter isotope ratios in both

tivity and water resource delivery in montane forests of the semi‐

the δ13C and δ18O of tree‐ring cellulose.

arid southwestern US region.
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