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Abstract The arrival of the North American Monsoon System (NAMS) terminates a presummer hyperarid
period in the southwestern United States (U.S.), providing summer moisture that is favorable for forest
growth. Montane forests in this region rely on winter snowpack to drive much of their growth; the extent to
which they use NAMS moisture is uncertain. We addressed this by studying stable carbon and oxygen
isotopes in earlywood and latewood from 11 sites along a latitudinal gradient extending from Arizona and
New Mexico to Utah. This study provides the first regional perspective on the relative roles of winter versus
summer precipitation as an ecophysiological resource. Here we present evidence that Ponderosa pine uses
NAMS moisture differentially across this gradient. 13C/12C ratios suggest that photosynthetic water use
efficiency during latewood formation is more sensitive to summer precipitation at the northern than at the
southern sites. This is likely due to the fact that NAMS moisture provides sufficiently favorable conditions for
tree photosynthesis and growth during most years in the southern sites, whereas the northern sites
experience larger summer moisture variability, which in some years is limiting growth. Cellulose δ18O and
δ13C values revealed that photoassimilates in the southern sites were produced under higher vapor pressure
deficit conditions during spring compared to summer, demonstrating a previously underappreciated effect
of seasonal differences in atmospheric humidity on tree ring isotope ratios. Our findings suggest that future
changes in NAMS will potentially alter productivity and photosynthetic water use dynamics differentially
along latitudinal gradients in southwestern U.S. montane forests.

1. Introduction

Summer rainfall from the North American Monsoon System (NAMS) contributes to the bimodal precipitation
pattern that defines the Sonoran Desert and Sky Island mountains, sustaining diverse ecosystems in northern
Mexico and the southwesternUnitedStates (U.S.) [AdamsandComrie, 1997]. TheNAMS is initiated in late spring
followingheating of the SierraMadreOccidental andMexican Plateau [Douglas et al., 1993;Higgins et al., 1997].
Continental heating in these regions creates a sea-land pressure gradient that facilitates the inlandmovement
of low-altitude atmospheric moisture from the eastern tropical Pacific and Gulf of California with an additional
source from theGulf ofMexico in ahigh-altitude atmospheric circulation [Higgins et al., 1997;Wright et al., 2001;
Adams et al., 2014; Metcalfe et al., 2015]. As the Northern Hemisphere summer develops, NAMS rainfall pro-
gresses northward in the form of frequent afternoon and evening convective storms.

Besides summerprecipitation,winter precipitation is also an important resource for forests in the southwestern
U.S. However, the amount of winter precipitation and its ecological influence decreases from the western
boundary of the NAMS domain eastward—boundaries described during the 10th North American Monsoon
Experiment, Science Working Group Meeting [Castro et al., 2012; Griffin et al., 2013]. Winter precipitation is
not influenced by the higher-frequency processes that drive summer storms [Nolin and Hall-McKim, 2006]
and is correlated instead with longer-term climate modes influenced by sea surface temperature in the
Eastern Pacific Ocean [Nolin and Hall-McKim, 2006; Vera et al., 2006]. Archeological evidence has revealed
centennial-scale variation in the spatial domain of theNAMS, showing amore northerly occurrence of summer
rain during the warmer conditions of the Medieval Climate Anomaly [Coltrain and Leavitt, 2002]. Continental
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meteorological conditions can also influence the distribution and intensity of local NAMS precipitation. Wet
conditions during summer, for example, can persist into early autumn, if the annually occurring Northern
Hemisphere subtropical ridge is positioned to the north and northeast of the NAMS domain. In contrast, a
southward shift of the subtropical ridge is linked to below-average precipitation, especially in the northern
extent of the domain [Higgins et al., 1997; Castro et al., 2001].

Both summer and winter precipitation support montane forest ecosystems throughout the NAMS region.
Different radial subdivisions of wood within an annual tree ring contain seasonal information on water use,
thus enabling studies on the relative influence of seasonal precipitation on plant growth [Meko and Baisan,
2001; Helle and Schleser, 2004; Stahle et al., 2009; Griffin et al., 2013]. Many evergreen gymnosperms exhibit
anatomical characteristics within annual rings that demarcate tissues with relatively large-diameter tracheids
known as earlywood (EW) from adjacent tissues with dense, small-diameter tracheids, which are usually
termed latewood (LW); LW usually ends with a sharp boundary adjacent to the following year’s EW.
Together, EW and LW from a single year form an annual tree ring in trees, where LW is present. In many trees
from arid areas, a third wood anatomical characteristic can occasionally be identified, the so-called false ring
or intra-annual density fluctuation (IADF), consisting of layers of tracheids with small diameters within the EW.
IADFs are common in Ponderosa pine trees from strongly drought-limited sites in the southwestern U.S. Here
IADFs can be distinguished from the actual LW in that they lack sharp terminal boundaries [Babst et al., 2016].
These anatomical differences are the expression of cambium phenological processes related to temperature
and water availability during incipient cellular division and subsequent formation and thickening of second-
ary cell walls [Vaganov et al., 2006]. Trees and individual annual rings will exhibit different degrees of repre-
sentation of these tissues, depending on the environmental conditions experienced during growth [Meko
and Baisan, 2001; Stahle et al., 2009; Griffin et al., 2013].

Environmental and physiological mechanisms controlling carbon assimilation in trees can be measured not
only by the relative growth of selected regions of annual rings but also by analyzing the stable isotope ratios
(δ) of the wood cellulose [Vaganov et al., 2009; Leavitt, 2010]. According to theory, the ratio between the inter-
cellular CO2 (ci) concentration within leaves—controlled by the relative influences of stomatal conductance
and carbon assimilation rate—and the atmospheric CO2 concentration (ca) can be interpreted as a proxy
reflecting diffusive and metabolic isotope effects driving 13CO2 discrimination [Farquhar et al., 1982;
Ehleringer and Cerling, 1995; Roden and Ehleringer, 2007]. The time-integrated ci/ca can accordingly be related
to the 13C/12C ratio of photoassimilates and the plant tissues they compose, and this ratio is often expressed
throughmeasurements of cellulose δ13C. Examination of the cellulose δ13C values in tree rings allows for phy-
siological inferences about intrinsic photosynthetic water use efficiency (WUE) and climatic impacts [see,
Farquhar et al., 1982; Francey and Farquhar, 1982; Leavitt et al., 2002; Roden and Ehleringer, 2007; Gessler
et al., 2014; Treydte et al., 2014; Frank et al., 2015].

Oxygen stable isotope ratios in wood cellulose are informative about water sources used by plants for growth
and the atmospheric vapor pressure deficit (VPD) [Roden et al., 2000]. Variation in the 18O/16O ratios of tree
ring cellulose—expressed as δ18O values—are often interpreted as reflecting interactions among source
water δ18O, atmospheric VPD, and atmospheric water vapor δ18O. When interpreting tree ring δ18O values,
it is important to recognize mechanistic aspects, such as biochemical fractionation during sucrose synthesis
and the proportion of photoassimilate oxygen that is exchangedwith stemwater at the site of wood cellulose
synthesis [Roden et al., 2000; Gessler et al., 2014].

The annual bimodal winter-summer precipitation across the NAMS region, and the arid early-summer period
that separates the two rainy seasons, provides opportunities to examine differential climate effects on the
isotopic composition of tree ring tissues. In an effort to understand how montane forests in the NAMS geo-
graphic domain utilize water provided by seasonal precipitation modes, we undertook a regional study of
annual tree rings in Pinus ponderosa (Douglas ex C. Lawson), one of the most common and locally dominant
trees across the Western North America. We examined patterns of EW and LW production and stable isotope
ratios of cellulose. We developed new observational approaches to understand the relative use of winter ver-
sus summer precipitation in forests along a south-to-north gradient of NAMS intensity. We hypothesize that
the gradient of NAMS moisture leads to a latitudinal gradient in the degree to which forests utilize summer
rain for their annual growth. Our main questions were as follows: (1) Can we identify regional and seasonal
differences in δ13C and δ18O from the EW and LW portions of annual tree rings? (2) Can we detect a
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physiological response by trees to variation in NAMS moisture through these isotopic ratios? (3) What are the
spatiotemporal patterns in the physiological responses of Ponderosa pine trees, as differentially detected in
EW and LW and inferred by δ13C and δ18O, in the core and fringe regions of the NAMS domain? (4) Which
climate variables best explain those spatiotemporal patterns?

2. Methods
2.1. Regional Characteristics

The climate of the U.S. extension of the NAMS region contains two general spatial gradients where winter
precipitation decreases from northwest to southeast and summer precipitation decreases from south to
north (Figure 1). At the northern limits of the region in Utah (UT), the precipitation regime is dominated by
winter precipitation, with only 20–30% of precipitation occurring during the summer (Figure 1b). In the
southeastern portion of the region in New Mexico (NM) average winter precipitation is less than the average
summer precipitation total (Figure 1c). The reduction in total precipitation between Arizona (AZ) and NM is
because moist air masses from the Pacific Ocean move eastward and progressively lose moisture
[Sheppard et al., 2002] In AZ and northern NM, a bimodal precipitation regime occurs with summer rainfall
contributing 40–70% to the annual total (Figure 1d).

2.2. Data Collection

Forty-four α-cellulose stable isotope tree ring chronologies (1960–2012 C.E.) were developed from 11 sites
within the NAMS region (Figure S1 in the supporting information). The 11 sites are distributed across the
southwestern U.S. with five sites located in AZ, four sites in NM, and two sites in UT (Figure 1a). Four chron-
ologies were developed at each site from EW and LW cellulose δ13C and δ18O.

The sites and sampled trees were selected frommontane forest ecosystems, which were dominated by Pinus
ponderosa, and based on the following criteria: (1) excluding sites with large surrounding watersheds that
could contribute runoff water to the observed site; (2) selecting medium-aged trees (e.g., 100–150 years);
(3) selecting sites with evidence of low tree-to-tree canopy competition, and no evidence of past-century
land use changes; (4) selecting trees that showed signs of vigorous recent growth with a well-formed and
symmetrical crown; and (5) selecting trees with no or minimal occurrence of IADFs, which are indicative of
a significant influence of the hyperarid period before the onset of summer rainfall [Schulman, 1938; Wright
et al., 2001; Leavitt et al., 2002; Babst et al., 2016]. The last criterion served our goal to study growth responses
to winter and summer precipitation, rather than presummer drought. In order to secure enough wood mate-
rial for the isotopic analysis at each site, we collected two to three cores from 20 to 30 trees using an incre-
ment borer of 5mm diameter (inner cylinder).

Figure 1. (a) Proportion (in %) of summer (July–September (JAS)) precipitation with respect to the total annual precipita-
tion amount. Darker colors indicate higher summer precipitation proportion. The tree ring network in the U.S. extension of
the NAMS is indicated with black dots. Climate diagrams of precipitation (pre) and temperature (tmp) for (b) northern (UT),
(c) southeastern (NM), and (d) southwestern (AZ) regions of the NAMS.
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2.2.1. Chronology Development and Dating
Toensure correct datingof the isotopemeasurements, sampleswerevisually cross-dated followingclassicden-
drochronological methods [Stokes and Smiley, 1996]. Briefly, samples were mounted using water-soluble hide
glue, so that thesamples tobeanalyzed for isotopecompositioncouldbeunmountedeasilyandsectionedafter
dating. A tree ring chronologywasdeveloped for each site that included the4–5 trees used for the isotopic ana-
lysis (Table1).Eachringwidthserieswasdetrendedandstandardizedbyfittinga100 yearcubicspline [Cook and
Peters, 1997], followedby the calculationof a robustmean to compute thefinal ringwidth chronology (Table 1).

Inorder toassesspatterns in the chronologies,wecalculated several descriptive statisticalmetrics (Table1). The
mean sensitivity (MS) quantifies the interannual variation in growth between two adjacent rings, often inter-
preted as indicating the influence of climate on radial growth [Bunn et al., 2013]; the signal-to-noise ratio (SNR)
serves as an expression of the strength of the observed common signal among trees; themean interseries cor-
relation (Rbar) is themeancorrelation coefficient resulting fromcomparingall possible segmentsof apredeter-
mined length among all the series included in the chronology. In this study, a 50 year segment length and a
25 year lag between consecutive segments were used. The Expressed Population Signal (EPS) is based on the
Rbarandhasapossible range from0to1expressingthetotal signalpresent in thechronology.TheEPS increases
withsamplesizeandnumberof samples, andvalues>0.85 indicates that thenumberof samples integratingthe
chronology is large enough to capture anadequate signal present in an infinitely replicated chronology [Wigley
et al., 1984].
2.2.2. Sample Preparation and Isotope Analysis
Each tree ring from 1960 to 2012 was sliced into three sections: the earlywood, which was split into two
halves EW1(first half) and EW2 (second half) and the latewood (LW). Only EW1 and LW were used for isotopic
analysis, with the EW2 subdivision being stored for future analysis. We assume that EW1 (hereafter referred to
as “EW”) is a proxy for winter and spring climate and LW is a proxy for summer climate. Each subdivision for
each year was pooled from all trees per site into one combined sample, except every 10 years when we ana-
lyzed trees separately to quantify the intertree variability in isotopic composition (Figure S1).

Samples were ground to 20mesh (0.84mm) and pouched in permeable bags produced from a polymer fabric
from Ankom technology. α-cellulose was extracted from each wood sample following a modification of the
method described by Leavitt and Danzer [1993], with the addition of an NaOH extraction step. Lipid extraction
was done with 2:1 toluene:ethanol solution in a Soxhlet apparatus for 24 h followed by 95% ethanol for 24 h.
After rinsing, samples were boiled for 6 h, and then bleached in a solution of 7 g of sodium chlorite in 500mL,
adding glacial acetic acid to maintain a pH below 4, and then rinsed with deionized water. In the final step,
samples were submersed in a 17% solution of sodium hydroxide for 60min, rinsed with distilled water,
bathed in a 10% acetic acid solution for 60min, and then rinsed again. In order to obtain well-mixed (homo-
geneous) α-cellulose, fibers were separated by sonicating the material in 1mL of chilled deionized water with
30 s of ultrasound by using a Hielscher UP200S ultrasonic probe [Laumer et al., 2009].

Table 1. Site Characteristics and Statistics of Tree Ring Chronologies Used for Isotopic Analysesa

Physical Characteristics Tree Ring Chronology Statistics

Site
Latitude

(deg)
Longitude

(deg)
Altitude

(m above sea level)
Annual mean
precip. (mm)

Annual mean
temp. (°C)

Mean
RWL (mm) MS N Rbar EPS SNR

RCP 40.54 �110.64 2315 652 4.2 1.49 0.28 10 0.48 0.9 9.03
MFP 39.36 �111.26 2435 209 7.2 2.08 0.24 9 0.82 0.98 40.96
KPP 36.76 �112.26 2271 380 9.7 1.42 0.24 8 0.66 0.94 15.71
LMP 35.36 �111.62 2608 418 14.7 2.12 0.23 8 0.42 0.85 5.84
CDT 35.27 �107.62 2767 326 8.5 1.3 0.28 10 0.45 0.89 8.28
SPP 35.21 �106.42 2716 381 9.9 1.71 0.45 6 0.56 0.88 7.63
GHP 34.24 �105.79 2426 277 13.8 1.74 0.51 8 0.84 0.98 39.74
SAP 33.81 �110.91 2218 510 17.0 1.94 0.28 11 0.32 0.84 5.24
SLS 32.75 �105.77 2551 242 16.4 2.51 0.24 10 0.47 0.9 8.88
CPP 32.72 �109.97 2682 409 15.0 2.63 0.3 9 0.32 0.81 4.32
WCP 32.41 �110.7 2317 413 16.8 1.4 0.28 12 0.71 0.97 29.56

aRing width length (RWL), mean sensitivity (MS), number of samples (N), mean correlation coefficient (Rbar), Expressed Population Signal (EPS), signal to noise
ration (SNR).
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Theratiosof 13C/12Cweremeasured for theCO2producedduringα-cellulosecombustion inahigh-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.
The 18O/16O ratios weremeasured on the CO produced by α-cellulose pyrolysis [Saurer et al., 1998] in a TC/EA-
IRMSat the Stable Isotope Ratio Facility for Environmental Research from theUniversity of Utah. Isotopic values
are expressed in thedelta (δ) notation relative to the δ13C ViennaPeedeebelemnite‰ and δ18OVienna SMOW
‰. Theδ13Csampleaccuracywas±0.06‰ (standarddeviationcalculated fromtheaveragedifferencebetween
measured internal standards, n=230), and the δ18O sample accuracy was ±0.24‰ (n= 429).

2.3. Data Analysis

Each δ13C chronologywas corrected for the 13C “Suess effect” introduced by long-term trends in the stable car-
bon isotopic composition of atmospheric CO2. Chronologies were also corrected for declines in δ13C [Suess,
1955; Field et al., 1995; Francey et al., 1999;McCarroll et al., 2009] that may result from a physiological response
to risingCO2 (the so-called PIN correction [seeGagen et al., 2007]). To compare the EWand the LW δ13C,we esti-
mated themean annual difference between both sections and tested the statistical significance of differences
using a t test and a Kolmogorov and Smirnov distribution test (Table S1 in the supporting information).
2.3.1. Seasonal Climate Response
To test tree response to climate variability, the isotope chronologies were compared with monthly and sea-
sonal precipitation and temperature data from CRU TS3.21 [Harris et al., 2014] and VPD at 700 hPa and
850 hPa computed using the Clausius-Clapeyron equation with air temperature and relative humidity
obtained from the National Center for Environmental Prediction and National Center for Atmospheric
Research [Kistler et al., 2001]. The δ13C and δ18O chronologies were regressed against monthly climate records
from the previous September through the following-year November of each growth year (13month win-
dow). The EW chronologies from each site were compared with winter-spring (March–May) climate, and
the LW chronologies were compared with winter-spring (March–May), and summer (June–August) climate.

The common signal among the sites was assessed with a principal component analysis (PCA) based on a cov-
ariance matrix, using the PCA function in the software package “R” {FactoMineR library}. Using the δ13C and
δ18O values in EW and LW chronologies, six different PCAs were resolved in two different modes to show sig-
nificant associations among sites. “Mode 1” corresponds to a biannual time series (i.e., EWt, LWt, EWt + 1, LWt

+ 1…EWt + n, LWt + n). “Mode 2” corresponds to the annual δ13C and δ18O for both EW and LW as separated
variables and was correlated with geographically gridded monthly VPD.

3. Results
3.1. Regional Differences Between EW and LW δ13C and δ18O

The δ18Ovaluesof EWwere significantly different (atP< 0.05) fromLWfor eight of the11 study sites; theexcep-
tions were the northern sites in UT (RCP and MFP) and one site in northern NM (SPP) (Figure 2) (Table S1).
Similarly, the δ13C values for EW and LW were significantly different at most sites, except the northern sites
RCP,KPP,CDT,SPP, andSAP.Asouth-to-northgradientwasobserved in thedifferencebetweenEWandLWwith
regard tomean δ13C and δ18O. Interestingly, the LW δ13C and δ18Ovalues at the southern siteswere isotopically
lighter (i.e., depleted in the heavier isotopes) compared to the EW, whereas at the northern sites, LW δ13C and
δ18O values were similar or isotopically heavier (i.e., enriched in the heavier isotopes) than EW (Figure 2).

3.2. Monthly Climate Response

Considering all sites combined, the δ13C and δ18O values were negatively correlated with monthly mean pre-
cipitation and positively correlated with monthly mean VPD (Figure 3). In other words, the δ13C and δ18O
values were isotopically heavier when precipitation was below average, and when mean monthly VPD was
above average, during the growing period. EW δ13C and δ18O values were significantly correlated with winter
and spring precipitation, and LW δ13C and δ18O values were significantly correlated with summer precipita-
tion (Figures 3a and 3b). EW δ18O values were significantly correlated with mean spring VPD, and LW δ18O
values were significantly correlated with mean summer VPD (Figures 3c and 3d). The significantly positive
correlations between δ13C with precipitation and VPD only differentiated the EW from LW in the summer
months (Figures 3a and 3c).
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Values of δ13C in EW and LW reflect physiological responses tomoisture variability, and this sensitivity is signif-
icant in the northernAZ, NM, andUT sites. There is a distinct south-to-north gradient in the degree towhich LW
δ13C reflects summer precipitation amounts, with the correlations between LW δ13C andmean summer preci-
pitation at sites located in southern AZ not statistically significant (Figure 4). In contrast, sites located in north-
ern Utah showed highly significant correlations between LW δ13C and mean summer precipitation.

EW and LW δ18O chronologies showed less variability in their sensitivity to spring or summer climate among
sites compared to δ13C chronologies (Figure 5). The EW δ18O time series showed significant correlations with
spring precipitation, VPD, and temperature variability at seven sites, whereas correlations between the LW
chronologies and summer climate variables were significant only at the southern AZ and NM sites.

3.3. Regional Signal of EWt and LWt: Mode 1

The first principal component (PC1) of δ13C fromMode 1 (combined EW and LW; see section 2) explained 42%
of common variance across sites (Figure 6). The δ13C PC1 time series showed two main features: decadal
variability and an increasing trend over the last 30 years. The δ18O PC1 from Mode 1 explained 45% of com-
mon variance, although the northern sites (RCP, MFP, and SPP) are not represented by this PC (Figure 6). The
δ18O PC1 also showed two main patterns: the intra-annual variability reflecting the winter and summer sea-
sonality observed in EW and LW values and the low frequency variation of 10–20 years (Figure 6).

3.4. Regional Response Principal Component: Mode 2

Similar to Mode 1, PC1 of Mode 2 (EW and LW analyzed separately; see section 2) explained 50% of the var-
iance in the EW δ13C across sites and 45% of the variance of the LW δ13C (Figure 7). PC1 of Mode 2 from EW
δ18O and LW δ18O explained 34% and 25% of the total variance, respectively. Pearson correlation coefficients

Figure 2. (top row) Regional δ13C and (bottom row) δ18O mean values (‰) and mean annual difference between EW and
LW (‰). (a and d) EW, (b and e) LW, and (c and f) themean annual difference between EW and LW. ns indicates no statistical
difference at P< 0.01, based on a t test (Table S1).
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between PC1 Mode 2 scores and the
gridded mean seasonal VPD showed
a significant seasonal influence of
atmospheric water demand on both
isotopes across the NAMS region
(see also monthly field correlation
analysis in the Figure 3).
Additionally, the common pattern in
the δ13C network showed a signifi-
cant correlation coefficient between
EW and LW (r=0.84). The δ18O com-
mon signal showed a distinct differ-
ence between spring and summer
influences in the southernmost por-
tion of the study domain.

4. Discussion

The spatial pattern of subannual tree
ring δ13C and δ18O time series from
1960 to 2012 C.E. allowed us to iden-
tify differences between winter ver-
sus summer precipitation influences
on Ponderosa pine tree growth
across the arid U.S. Southwest. The

seasonality of the climate varied markedly from south-to-north across the U.S. extension of the NAMS. In the
southern portion of the domain (AZ), a bimodal precipitation pattern is clearly evident with both winter and
summer rainfall providing significant fractions of total annual rainfall. The west-to-east difference between
the Southern AZ and the Southern NM sites points toward a possible effect of the total amounts of moisture
delivered between seasons. However, the low number of sites prevents us from resolving the precipitation
longitudinal effect. In thenorthernportion of thedomain, theproportion ofwinter precipitation is greater,with
a varying contribution of summer monsoon rain (Figure 4) [Higgins et al., 1997; Castro et al., 2001; Dominguez
et al., 2008]. At the northernmost site, in the UintaMountains near Salt Lake City, UT, summermonsoon activity
consists of weak, infrequent surges of moisture that break away from the northern boundary of the monsoon
circulation. In fact, at themost northern sites (RCP andMFP), the percentage of summer rainfall associatedwith
the timing of monsoon circulation is as low as 10% (Figure 1).

The δ13C and δ18O values of EWand LW revealed geospatial patterns that reflect the decreasing south-to-north
gradient of summer precipitation (Figure 2). Themean correlation between δ13C and δ18O in EWwithmonthly
precipitation was significant (P< 0.05) only for winter and spring precipitation across the entire gradient,
whereas the correlations between δ13C and δ18O in LWwithmonthly precipitationwere significant for summer
precipitation (Figures 3a and 3b). These results confirm previous observations in which LW formation was
attributed to the growth period associated with delivery of NAMS moisture [Meko and Baisan, 2001; Therrell
et al., 2002; Stahle et al., 2009; Griffin et al., 2011]. Our results extend these past observations to a new set of
11 sites and provide much needed insight into relations between tree ring isotope ratios and the seasonality
of precipitation at the northern fringe of the NAMS domain. Consistent with past studies of tree ring stable iso-
topes [e.g., Leavitt et al., 2002, 2011], our study also showed photosynthetic water use efficiency in LW to be
negatively correlated with summer precipitation, and in correlations of δ13C and δ18O against mean monthly
precipitation our studies revealed that the heaviest isotope values were correlated with the driest conditions
and the lightest isotope values were correlated with thewettest conditions, as predicted bymechanistic mod-
els [Gessler et al., 2014].

The relative enrichment of EW cellulose in 18O and 13C isotopes, compared to LWcellulose, whichweobserved
in the southernmost sites, indicates that photoassimilates were produced under higher VPD conditions during
the spring snowmelt period compared to summer. Our data are the first to provide evidence that seasonal

Figure 3. Mean and 95% confidence intervals across all study sites of
monthly Pearson correlation coefficients of EW (blue) and LW (orange)
with (a and b) precipitation and (c and d) VPD at 700 hPa. The grey shading
indicates the coherent seasons with significant correlations. The horizontal
continuous and dashed lines mark the significance levels for Pearson cor-
relations at α = 0.05 and α = 0.01, respectively. The bold-italic letters mark
the months from previous year on the x axis.
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differences in VPD drive divergent patterns in the δ13C and δ18O values of EW versus LW along the latitudinal
gradient (Figure 2). The influence of seasonal atmospheric VPDdynamicswasmore pronounced for δ18O, com-
pared to δ13C, emphasizing different seasonal influences of atmospheric water demand on leaf water isotopic
fractionation. The fact thatwe observed significant positive correlations between EW δ18O andmonthly VPD in
spring, as well as between LW δ18O and monthly VPD in midsummer and fall, and no significant correlation
between LW δ18O and monthly VPD in spring, suggests that there is no persistent memory effect imprinted
in the oxygen isotopes from spring to summer [Helle and Schleser, 2004; Kagawa et al., 2006]. The positive cor-
relations with VPD reflect the heavier 18O/16O isotope signal of leaf water during greater evaporative enrich-
ment in periods with low atmospheric humidity [Roden and Ehleringer, 2007]. These results suggest the
existenceof apreviously underappreciatedeffect of theextremedifferencesof atmospheric humiditybetween
spring and summer, which can lead to significant differences in the isotopic values in tree rings along this lati-
tudinal transect. The summer arrival of the NAMS creates a relatively humid break in the otherwise hot, hyper-
arid climate of early summer in the U.S. Southwest and apparently allows higher-elevation forests to efficiently
utilize warm-season precipitation for photosynthetic carbon assimilation during the late-growing season.

Figure 4. Site-specific Pearson correlation coefficients between (top row) δ13C chronologies and precipitation, (middle
row) temperature, and (bottom row) VPD 700 hPa from 1960 to 2012 C.E. Correlation coefficients were calculated
between (left column) δ13C EW and (middle column) LW and spring (AMJ) precipitation, temperature, and VPD. (right
column) In addition to this, correlation coefficients were calculated between δ13C LW and summer (JJA) climate variables.
Statistically nonsignificant correlations are shown in white.
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However, further researchmust be conducted in order to completely disentangle the relative influences of tree
source water and evaporative enrichment on tree ring cellulose isotope values.

The significant negative correlations between the δ13C of EW and late-winter to spring precipitationwere simi-
lar across all sites (Figure 4). The δ13C of LW samples, however, showed strong latitudinal differenceswhen cor-
related with interannual variation in summer precipitation and VPD, with higher correlations emerging for the
northern sites. These correlations indicate that at the northern sites, photosynthetic WUE responded strongly
to interannual dynamics inmean summerprecipitation andVPD,whereas no such effect occurred at the south-
ern sites in AZ. The southern sites are located in that part of the U.S. extension of the NAMS that receives the
highest fractions and amounts of summer moisture compared to northern and eastern sites (Figure 1).
Accordingly, the nonsignificant relationships between δ13C of LW and mean precipitation and VPD at the
southern sites in AZ and the lower values in the δ13C could suggest that summer monsoon moisture during
most years provides sufficiently favorable conditions for tree photosynthesis and growth. In the northern sites,
interannual variation in NAMS precipitation is likely to bemore variable, providing sufficient moisture to drive
LW production during some years. We note, however, that LW production in the northern sites might utilize
stored carbon thatwas assimilated the previous spring, especially during yearswith lesser amounts of summer

Figure 5. Site-specific Pearson correlation coefficients between (top row) δ18O chronologies and precipitation, (middle row)
temperature and (bottom row) VPD at 700 hPa from 1960 to 2012 C.E. Correlation coefficients were calculated between (left
column) δ18O EW and (middle column) LW and spring (AMJ) precipitation, temperature, and VPD, and (right column)
between δ18O LW and summer (JAS) climate variables. Statistically nonsignificant correlations are shown in white.
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precipitation. This couldbias LW isotope values toward those of the colder, drier springperiod in yearswith lim-
ited summer moisture. More research will be needed to quantify the relative importance of stored versus
recently acquired photoassimilates (i.e., the importance of “the memory effect” [Ogle et al., 2015]).

The latitudinal differentiation among sites was also observed in δ18O in LW (Figure 5). The southern AZ and
NM sites were the only sites showing evidence of negative correlations between LW δ18O and summer pre-
cipitation—i.e., greater enrichment in the 18O composition of cellulose produced during periods with less
summer precipitation. This pattern has been previously observed in regard to weaker monsoon activity
[Wright et al., 2001; Roden and Ehleringer, 2007]. These results indicate that the biophysical processes of leaf
water exchange are indeed sensitive to interannual variations in summer precipitation at these southern
sites, but as revealed in the LW δ13C, that the physiological control over photosynthetic WUE is not strong.

The strongest correlations between δ18O in LW and summer VPD were observed for trees in the central and
southernmountains of NM. This positive relationship indicated that during dry periods with weaker monsoon
activity and lower atmospheric humidity, 18O evaporative enrichment of leaf water was greater. The presence
of these significant correlations between LW δ18O and variance in summer moisture in the southern sites, but
not the northern sites, further supports the importance of summer monsoon moisture on biophysical pro-
cesses in the southernmost NAMS regions.

The principal component analysis provided insight in time-dependent oscillations in the influence of seasonal
climate on the δ13C and δ18O ratios of tree ring cellulose. The common signal for δ13C and δ18O in EW and LW
revealed a positive trend over the past three decades, suggesting time-dependent greater intrinsic photosyn-
thetic WUE at all sites [Bert et al., 1997;Maseyk et al., 2011; Peñuelas et al., 2011; Saurer et al., 2014; Frank et al.,
2015] during an exceptionally hot and dry decade in the southwestern U.S. This period included the extreme
drought of 2002–2003 as it is observed in our δ13C records (Figures 6 and 7), which has been identified as the
most extreme drought observed in the southwestern U.S. for at least the last seven decades [Breshears et al.,
2005]. The δ18O common signal shows the same low frequency,with apositive trend in the EW for the last three
decades (Figures 6 and 7), indicating that water limitations on tree functioning have indeed been significant.

Figure 6. First principal components (PC1) of δ13C and δ13O time series in Mode 1 (combined EW and LW; see section 2)
expressing the common seasonal variability across sites. (top row) The loadings of individual sites on PC1 and (bottom row)
the corresponding PC1 time series are shown.
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However, the δ18O observations also clearly showed a stationary seasonal shift from EW to LW, which supports
our observation about the site-specific seasonal difference between winter and summer moisture sources.

Climate projections in the NAMS region predict a slight decrease in winter precipitation over out study region
and no change in the total amount of summer-monsoon precipitation, although monthly projections predict
a slight decrease in monsoon precipitation through July and a slight increase in September and October over
our study region [Cook and Seager, 2013]. These projections suggest a longer hyperarid period with a later
monsoon onset in the NAMS core region. Additional climate projections predict a temperature-driven
increase in the warm-season VPD in the southwestern U.S. [Williams et al., 2013]. Collectively, our results
and the climate projections for the NAMS region foreshadow increased forest stress [McDowell et al., 2015].
The physiological effects under the environmental conditions indicated by these projections will certainly
be controlling carbon assimilation and water transpiration. However, the effects of water availability and
VPD are dynamically related and mixed in to the isotopic signal of the cellulose, and further efforts must
be made to decouple these environmental effects using carbon and oxygen isotopes in tree rings.

5. Conclusions

This study identified two main regional and seasonal differences in δ13C and δ18O from subannual tree ring
records on trees in the NAMS region. First, δ13C in LW was sensitive to interannual summer moisture

Figure 7. Field correlations of the first component (PC1) from Mode 2 derived from the δ18O and δ13C EW and LW chron-
ologies, loaded independently (see section 2). Each colored pixel in the maps corresponds to the correlation coefficient
between (left column) the spring (AMJ) mean VPD at 850 hPa record 1960–2012 and the PC1 EW (left maps) and (right
column) summer (JAS) mean VPD record 1960–2012 and the PC1 LW. Noncolored pixels correspond to nonsignificant
correlation at α = 0.05 significance level. (Figures S4–S12).
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variability at the northern sites, with diminishing sensitivity toward the southern sites. Second, the seasonal
(EW-LW) difference in δ18O was significant in the southern sites, whereas no difference was observed at the
northern sites. These observations reveal that trees of Ponderosa pine have differential access to warm sea-
son precipitation along the south-to-north track of the NAMS and that the differential access to summer rain
influences the efficiency with which trees use limited soil moisture to support annual productivity.

There was coherence in the cross-site variations in stable isotope values from this network supporting a
robust regional and seasonal climatic signal. The spatial relationships with VPD, temperature, and precipita-
tion provided supporting evidence that δ13C and δ18O values are useful to infer seasonal moisture availability
in semiarid to arid environments [Roden and Ehleringer, 2007; Leavitt et al., 2011]. These findings are relevant
with respect to the future vigor of Ponderosa pine-dominated mountain forests in the southwestern U.S.
because moisture sources from two different seasons (i.e., snowpack and monsoon rainfall) likely have differ-
ent competitive advantages for mountain forests that depend only on one source of water. Furthermore,
acknowledging that winter and summer precipitation are independent of each other, we expect in the
NAMS region, stronger hyperarid periods before monsoon onset, and increasing evaporative demand, espe-
cially during the drier periods, in the face of ongoing anthropogenic climate change. The possibility to derive
seasonal moisture variability from subannual tree ring records carries great potential to model paleoclimatic
dynamics in the NAMS region during the Medieval climate anomaly [Stahle et al., 2009; Leavitt et al., 2011;
Griffin et al., 2013]. This anomalously warm paleo-period is a potential analog to future climate change pro-
jections, and we may be able to use insight from tree rings to infer valuable information on possible future
impacts on ecosystem functioning and its societal implications.
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