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Abstract 

Climate models have projected that arid and semiarid lands will experience warmer and 

drier conditions for the next 100 years. For the last twenty years, the Southwestern US has 

been experiencing one of the worst droughts over the last century, not only threatening 

ecological systems but also the water security of its population. Understanding the 

environmental processes that affect arid and semiarid forests are essential to better 

understand the water and carbon cycles, and tree-ring research has contributed valuable 

knowledge in this regard. There is a common understanding that moisture-stress has 

significant impacts on forested ecosystems and thereby on the global carbon and water 

cycles. Under persistent moisture deficit, a decline in growth, an increased proportion of 

wildfires, insect outbreaks, and mass-tree-mortality are often observed in arid and semi-

arid forests, having large impacts on their carbon budgets and their capacity to act as a 

carbon sink. 

This study addresses the seasonal and regional climatic influences on the water-

carbon relations in the ponderosa pine forests of the southwestern US (SW). This region is 

characterized by a complex climatology related to the North American Monsoon system 

(NAMS). A topic of interest in this dissertation is the role of the summer rainfall after the 

early-summer hyper-arid period in the region, providing a unique seasonal condition for 

these ecosystems to thrive. While these forests clearly rely on winter snowpack to drive 

much of their annual net primary productivity, the temporal and regional extent to which 

they supplement winter moisture with summer monsoon moisture needs to be clarified. 

The core of this dissertation is a study of the spatial and temporal variability of the 

stable carbon and oxygen isotopes in the cellulose of subsections of the tree rings (e.g., 
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earlywood and latewood) collected from a network of thirteen sites along a latitudinal 

gradient extending from southern Arizona and New Mexico, through southwest Colorado, 

and up to northern Utah. The analysis is based on biological and physical processes and 

their close relationships with isotope effects to infer eco-physiological responses to climate 

variations over the last century. The stable carbon isotopes are used to derive intrinsic 

Water-Use Efficiency (iWUE) defined by the molar ratio of carbon gain to water loss. The 

stable oxygen isotope ratio is used to infer the variations on evaporative flux at the leaf 

level, which depend on stomatal conductance, atmospheric vapour pressure deficit at the 

leaf surface, and variations in the isotopic ratio of the source water. Both isotopic ratios are 

used to document variations in tree productivity and hydrologic vulnerability within the 

context of climate change impacts on this region.  

During the study, it was found that climate change in the SW has impacted the 

carbon and water cycles of these forests for at least the past twenty years. Additionally, 

seasonality influence the eco-physiology of ponderosa pine change along the latitudinal 

gradient, as shown by significant differences between EW and LW. These differences are 

explained by the large shifts in seasonal VPD, which are more evident in the southern part 

of our study region due to the mid-summer arrival of monsoon rains. 

These findings will be useful for regional natural resource managers and improves 

our understanding of seasonal influences on forest water–carbon relationships. This 

approach will also be useful to develop seasonally resolved paleoclimate and paleo-

ecophysiological reconstructions to characterize the long-term influence of winter versus 

summer moisture on carbon-water relations in forested ecosystems.  
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Chapter 1 

THEORETICAL BACKGROUND 

Climate of the Common Era and climate change in the southwestern United States 

The southwestern United States is a highly diverse region (Phillips et al., 2000; Brusca & 

Moore, 2013; Patton et al., 2014). The conditions for such diverse ecosystems are generally 

explained by the geological and climatological characteristics including drastic altitudinal 

gradients connecting with extensive deserts like the Sonoran, Chihuahua, Mojave and The 

Great Basin. These deserts merge with many forested mountains found at higher elevations 

across this region, e.g., in the Colorado Plateau with the Mogollon Rim in the south, the 

Wasatch range in the west, the Uinta´s in the north, high elevations mesas scattered across 

the plateau and the Rocky Mountains located east from the Plateau, and south of the 

Mogollon Rim, the mountains in southern Arizona and New Mexico. One factor 

connecting this mosaic of montane forests is the seasonal climatology of the southwestern 

United States (hereafter SW), characterized by the distribution of rainfall during winter and 

summer seasons known as the North American Monsoon System (NAMS). The orography 

and latitudinal location (30-40ºN) of the SW makes this region prone to droughts, and 

climate models projections suggest more frequent hot droughts (Seager et al., 2013; Ault et 

al., 2016; Prein et al., 2016), posing a substantial threat to the ecology of this macrosystem 

(Scott & Pasqualetti, 2010; Garfin et al., 2014). 

The integration of eco-physiological processes with dendrochronological 

approaches has a great potential to advance our knowledge of forest responses to moisture 
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variation, both in the short term and the long term. Persistence in dry conditions is often 

associated with decline in growth, increasing threat from wildfires, insect outbreaks, and 

mass tree mortality (Allen et al., 2010; Williams et al., 2012; Anderegg et al., 2016). Tree-

ring studies have been successful in contextualizing current climate and environmental 

changes into a centennial-to-millennial perspective (Cook et al., 2004; Meko et al., 2007; 

Swetnam et al., 2009; Anchukaitis et al., 2017). The temporal depth and high temporal 

resolution offered by tree rings allow the observation of long-term changes in the frequency 

and persistence in the length of extreme events, and shifts in the climate regime at an 

annual, to even seasonal, resolution. Archeological evidence has revealed centennial-scale 

variation in the spatial domain of the NAMS, showing a more northerly occurrence of 

summer rain during the warmer conditions of the Medieval Climate Anomaly (MCA) 

(Coltrain & Leavitt, 2002). Within the Common Era (from 1 B.C to the present "CE") the 

knowledge of climate variability in the SW has been described using different 

paleoclimatological proxies and historical archives such as sedimentary deposits (Laird et 

al., 1998) speleothems (Betancourt et al., 2002), tree rings (Grissino-Mayer, 1996; Cook 

et al., 2004; Stahle et al., 2009; Griffin et al., 2011, ITRDB), and archeological records 

(Euler et al. 1979; Dean et al. 1985; Coltrain & Leavitt, 2002). 

 These paleoclimate records have shown that modern society (i.e., the past 200 

years) has not experienced droughts of the severity and duration recorded in the last ~2000 

years (Woodhouse & Overpeck, 1998; Meko et al., 2007; Routson et al,. 2011; Woodhouse 

et al., 2011). The implications of these observations are of interest to managers of water 

and natural resources in the SW, noting that megadroughts as long, or longer, than 50 years 

are likely to recur in the future (Meko et al., 2001; Routson et al,. 2011). 
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The reconstructed frequency and duration of droughts can be biased when derived 

from paleoclimate records. Three main sources of bias are: 1) Reduction of the number of 

records used to build the chronology can induce changes in the variance independent of 

climate variations. 2) Variable time span of the records included in a chronology, 

particularly when records are short, can influence the low frequency in the chronology 

(Cook et al., 1995), and 3) The statistical detrending treatment applied to each record can 

smooth or favor the low frequency in the proxy records. (Cook & Kairiukstis, 1990; Cook 

et al., 1995; Esper et al., 2010). These uncertainties can be reduced by having a well 

replicated chronology, so the signal to noise ratio is low; selecting long samples is likely 

to minimize the low-frequency loss; and by testing the effects of multiple detrending 

techniques to assess their effect on the low and high frequency of the chronologies. 

Based on the hydroclimate reconstructions in the SW, the spectral characteristics 

of hydroclimate variability have gradually shifted from a lower to higher frequency during 

the last 2000 years (Woodhouse & Overpeck, 1998; Meko et al., 2007; Cook et al., 2010; 

Routson et al,. 2011) (Figure 1). There are uncertainties during the first half of the CE 

hydroclimate reconstructions associated with the small number of chronologies covering 

the first 1000 years (Cook et al., 1995; Cook et al., 2016). However, there is agreement 

between a number of independent and regionally separated hydroclimatic reconstructions 

(i.e., Colorado Plateau region moisture records including Summitville, CO (Routson et al,. 

2011), Tavaputs, UT (Knight et al., 2010), El Malpais, NM (Grissino-‐Mayer, 1996; Stahle 

et al., 2009), a regional network of chronologies reconstructing PDSI (Cook et al., 2010)). 

These reconstructions indicate that during the first millennium of the CE, the SW was 

exposed to severe and century-long droughts (Routson et al,. 2011) (Figure 1). Later, 
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around 1100-1300 CE the climate regime shifted, and proxies recorded multi-decadal 

droughts (Woodhouse & Overpeck, 1998; Meko et al., 2001, 2007; Routson et al,. 2011; 

Woodhouse et al., 2011). A regional climate reconstruction developed in the White 

Mountains, showed an abrupt transition from the Medieval Climate Anomaly (MCA) to 

the Little Ice age (LIA) suggesting that during the late Holocene, the climate of the White 

Mountains was warmer and drier from ~ 1000–1300 CE (LaMarche 1974), and cooler and 

wetter after 1400 CE (Woodhouse et al., 2011). Additionally, river-flow reconstructions 

from the Colorado basin (Meko et al., 2007) and the Sacramento River show that during 

the mid-1100´s CE (Meko et al., 2001), both records had a 60-year period with below-

average flow. The temporal coherence of these reconstructions indicates a persistent and 

regional northward retreat of the winter storm track during the MCA (Seager et al., 2007). 

However, after the MCA, widespread drought has also been recorded in the late 1500s in 

the SW (Meko et al., 2001, 2007; Stahle et al., 2009; Routson et al., 2011). And for the 

last 600 years, the hydroclimate variability shifted from multi-decadal to decade-long 

duration of droughts (Woodhouse & Overpeck, 1998; Meko et al., 2007). The last 100 

years are characterized by multiyear droughts duration, observed in 1930s, 1950s and 

1980s. And more recently, a shift back to the decadal frequency is now observed in the last 

20 years (Prein et al., 2016; Udall & Overpeck, 2017). 

Based on global-circulation models (GCM), instrumental and paleoclimatic 

records, the understanding of the climate system in the SW establishes that persistent 

anomalies in sea surface temperature (SST) together with large scale gradients in 

atmospheric pressure are likely the source of persistent regional droughts (Coats et al., 

2016). The mechanisms that sustain a persistent hydroclimate condition in the SW or in 
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any region in the world are often attributed to an interaction of internal and external 

forcings driving earth’s energy fluxes and atmospheric circulation.  

 

Figure 1. Spectral conditions from the North American drought atlas (NADA) (from 
0:2005 CE), showing that for the last 2000 years the importance and changes on the low 
frequency (white polygons). The time series is a 5-year spline (black) and a 100-year spline 
(red) from the reconstructed JJA PDSI from the SW region [32.27°N - 38.83°-N, 117.27 
°W - 103.4°W] (Cook et al., 2010). The shaded plot shows a wavelet analysis where period 
in the y-axis represents the frequency of the wavelet that is compared with the PDSI 
reconstruction. The light polygons (high power) show a significant relationship between 
that frequency and the PDSI reconstruction and show the changes in periodicity along the 
PDSI reconstruction. 

 

Temporal variations on the intensity of these forcings in many GCMs (Coats et al., 

2016) show that the occurrence of multi-decadal droughts can be explained by the only 

internal forcings, driven by a simultaneous cool SST in the Pacific Ocean and warm SST 

in the Atlantic Ocean, without a persistent departure of the external forcing. However, 
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multi-decadal droughts can also be caused by a persistent departure of external forcings 

driving the internal forcings to synchronize and generate cool/warm SST conditions as 

described above (Trouet et al., 2009; Ault et al., 2017). 

For example, low sea surface temperatures (SST) in the tropical Pacific Ocean (i.e. 

La Niña like conditions) forces a teleconnection with the North Pacific subtropical cyclone 

and high pressure over the extratropical Northeast Pacific. These conditions favor a weaker 

jet stream flow into western North America, which in turn generates a northward 

displacement of the storm track resulting in dry winter condition in the SW (Seager & Ting, 

2017). Such conditions were observed during MCA, compared to wetter winters during El 

Niño like conditions occurring during LIA (Seager & Ting, 2017). Additionally, there is 

also strong evidence that a combination of low SST in the tropical east Pacific Ocean, 

combined with high temperatures in the North Atlantic enhance dry conditions in North 

America. 

Despite the uncertainty on the winter versus summer moisture contribution in 

extended time scales beyond the CE. Records from pollen, sediments and speleothems 

from caves provide distinctive perspective on multy millennial-scale variations. (Asmerom 

et al., 2017, Barron et al., 2012). For example, meta-analysis of paleoclimate (Barron et 

al., 2012) records suggests that when summer insolation (external forcing) was greater in 

Northern Hemisphere mid-latitudes during the mid-Holocene (approximately 6,000 years 

BC), monsoon dynamics were intensified having a stronger influence over the Great Basin, 

Mojave Desert and the northern boundary located in northern Utah. This pattern has been 

attributed to the cool pacific SST with a contrasting warm SST in the Gulf of California 

(Barron et al., 2012). 
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Climate and climate change projections (Williams et al., 2012; Cook & Seager, 

2013) suggest that the overall precipitation in the SW will decline (Prein et al., 2016) and 

the NAMS will become weaker. However, Cook & Seager (2013) suggest that little to no 

change in the total amount of summer-monsoon precipitation can be expected. But the 

distribution of the rainfall could be modified with slight decrease in monsoon precipitation 

through July and a slight increase in September and October, implying a longer hyper-arid 

period with a later monsoon onset in the NAMS core region. This forecasted reduction in 

regional water availability plus increasing global temperature (Huntington, 2006; Roderick 

et al., 2015) will affect the carbon and water cycles through direct effects in the eco-

physiology of plants (Cook & Seager, 2013; Frank et al., 2015a; Ficklin & Novick, 2017; 

Pascale et al., 2017) (also see Appendix 3). Therefore, it is still a challenge to understand 

how climate will change under increasing temperatures and research addressing how the 

integration of land-ocean, vegetation, and convection dynamics (Dominguez et al., 2008; 

Jasechko et al., 2014; Stark et al., 2016) will foment new avenues in earth sciences and 

paleoclimatology.  

Seasonality of the Southwestern US 

The North American Monsoon System (NAMS) is climatologically described as an annual 

and seasonal regional atmospheric circulation where a reversal of winds larger than 120º 

in direction is observed between winter and summer seasons (Dominguez et al., 2008). 

This wind reversal brings moisture during the summer season, which sustains the diverse 

ecological systems in the SW (Adams & Comrie, 1997). These shifts in wind direction are 

the result of a change in land to ocean atmospheric pressures, as the land temperature 
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changes faster than the ocean temperature between winter and summer. During the 

summer, a low-pressure system on the land and high-pressure system in the ocean produce 

a gradient that steers a low-level jet from the ocean with a subsequent moisture advection. 

This transportation of humid air masses in combination with high solar irradiance produce 

atmospheric instability, leading to convective rainfall which typifies the seasonal 

monsoonal rains (Adams & Comrie, 1997). 

The climate of the northern extension of the NAMS (Figure 2) contains two general 

spatial gradients where: 1) winter precipitation decreases from northwest to southeast, and 

2) summer precipitation decreases from south to north (Figure 2). At the northern limits of 

the region (northern Arizona or southern Utah), the precipitation regime is dominated by 

winter precipitation with only 20 – 30% of precipitation occurring during the summer. In 

the southeastern part of the region (southern New Mexico) the average winter precipitation 

is less than the average summer precipitation total, whereas in Arizona and northern 

Mexico the summer precipitation regime contributes between 40–70% of the annual total. 

The climate seasonality varies gradually from south to north across the northern extent of 

the NAMS (Figure 2). In the south, there is a bimodal precipitation pattern with winter 

rainfall and a strong summer monsoon influence separated by a two-month hyper-arid 

period (May–June) Followed by a rainy and humid summer (Figure 2 b and c). In the north, 

there is a stronger winter influence with a variable or weaker summer monsoon (Higgins 

et al., 1997; Castro et al., 2001; Dominguez et al., 2008). This precipitation seasonality 

however, is coupled with variations in humidity, or atmospheric water demand, measured 

as the vapor pressure deficit VPD (KPa). The increasing temperature form spring to 

summer is evident across the region, having drier conditions during summer (Figure 2 b,c) 
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However, in the south VPD decreases due to the summer monsoon humidity (Figure 2 b,c).  

 

 

Figure 2. Seasonal hydroclimate regime and tree-ring network. a) Map of summer 
precipitation (July, August, September) proportion of annual precipitation in the region of 
influence of the North American Monsoon. b) Mean spring VPD (AMJ) c) Mean summer 
VPD (JAS). Analysis period 1901-2013. Solid dots indicate the thirteen sites investigated 

 

Intra-seasonal variability in precipitation and humidity during the summer in the 

SW is driven by latitudinal changes in large-scale atmospheric circulation, such as the 

anticyclonic activity in association with subtropical ridge over the SW. These changes are 

recorded by regional changes in cloud cover and rapid changes in atmospheric instability 

(Carleton, 1987). The atmospheric instabilities during summer over the SW result from a 

combination of intense surface heating and high topographic relief creating convective 

storms or "bursts" (Carleton, 1987). Conversely, a decrease in convective precipitation 

results from the intensification and southward shift of the subtropical ridge leading to the 

formation of a high-pressure center over southern Arizona and a concurrent enhancement 

of subsidence over the SW (Carleton, 1987; Adams & Comrie, 1997; Vera et al., 2006). 

The duration and intensity of the summer rainfall of the NAMS vary on inter-annual 

and decadal time scales (Carrillo et al., 2015). Much of this variability is associated with a 
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frequent summer expansion of the Bermuda subtropical ridge and an intensification of the 

surface low in southwestern Arizona (Higgins et al., 1997). Whereas wet summers in 

Arizona are often associated with a primarily northward position of the subtropical ridge, 

a southward position of the subtropical ridge is linked to dry summers (Higgins et al., 1997; 

Castro et al., 2001). However, a particular distinction has been identified between certain 

anomalously wet or dry summers, that do not follow the subtropical ridge pattern (Carleton, 

1987; Seager & Ting, 2017). These anomalies suggest that the monsoon summer 

precipitation regime is susceptible to multiple influences, including SST dynamics (Seager 

& Ting, 2017), antecedent winter precipitation (Cayan et al., 1999; Gutzler, 2000), 

recycling of summer precipitation (Dominguez et al., 2008), and regional snow melt 

dynamics (Gutzler & Preston, 1997). This evidence, however, leads to the conclusion that 

the principal, but not exclusive, forcing of summer monsoon is the dynamics between the 

Pacific SSTs and the position and intensity of the Bermuda High, which will influence 

synoptic conditions for summer rains (Carrillo et al., 2015; Ault et al., 2017).  

It is worth noting that within the northern boundary region of the NAMS, summer 

versus winter hydroclimate forcings are driven by different mechanisms explained above. 

This hydroclimate setting represents an opportunity in dendro-paleoclimatology because, 

the seasonal separation between winter and summer rainfall influences tree growth 

differentially throughout the growing season (Fritts et al., 1991; Meko & Baisan, 2001; 

Stahle et al., 2009). 
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Towards seasonal resolution analyses of tree-ring records  

Most 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 known as latewood (LW) 

(Pallardy, 2008). The LW usually ends with a sharp boundary adjacent to the following 

years EW. Together, EW and LW form an annual tree ring. In tree species from arid 

environments, another wood anatomical characteristic can occasionally be identified, the 

so-called false ring, defined as an abrupt intra-annual density fluctuation (IADF), 

consisting of layers of tracheids with small diameters within the EW, or layers of large 

tracheids interrupting the LW (Pallardy, 2008; Szejner, 2011; Pacheco et al., 2017). These 

anatomical variations, depending on species, are the expression of phenological processes 

related to xylogenesis driven by temperature and water availability (Budelsky, 1969; Fritts, 

1976; Vaganov et al., 2006; Zalloni et al., 2016). For example, cell enlargement is driven 

by turgor pressure and accordingly by water availability (Rathgeber et al., 2016), and 

extreme or abrupt reductions in water availability can result in the formation of IADFs. 

The potential of IADFs for intra-seasonal climate analyses is only recently being 

recognized (Battipaglia et al., 2016 Belmecheri et al., in rev). Thus, depending on site 

conditions and seasonal variability, individual annual rings will exhibit variability in the 

proportion of these tissues (EW, LW, and IADF) (Meko & Baisan, 2001; Stahle et al., 

2009; Griffin et al., 2013). 

It has been hypothesized that different radial subdivisions of wood within an annual 

tree ring contain seasonal information on water availability and use, thus allowing studies 
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addressing seasonal influences on plant function (Meko & Baisan, 2001; Helle & Schleser, 

2004; Stahle et al., 2009; Griffin et al., 2013). In the most recent decade, the development 

of seasonal tree-ring chronologies has been of great interest to ecologists and climatologists 

(Young, 1952; D'Arrigo et al., 2000; Uggla et al., 2001; Meko & Baisan, 2001; Leavitt et 

al., 2002; Griffin et al., 2011; An et al., 2012; Carrillo et al., 2015; Kimak & Leuenberger, 

2015; Torbenson et al., 2016; Dannenberg & Wise, 2016; Rahman et al., 2016; McCarroll 

et al., 2017). One of the reasons for this interest is the potential for developing seasonally-

resolved paleoclimate records that can be used to update the seasonal climate benchmarks 

used in validating global circulation models (GCM). Such potential is highly valuable in 

macrosystems like the NAMS, because of the spatial gradients in seasonal hydroclimate 

driven by different atmospheric circulations. 

Our ability to disentangle the seasonal effects in tree rings is still under 

development, opening the potential to investigate hypotheses addressing the mechanisms 

that explain relationships and differences in diameter increment and chemical composition 

at a much finer temporal scale (Appendix 2). This relatively “new” approach has resulted 

in the development of a number of a new parameters that can be measured within one 

annual ring like partial ring widths (Meko & Baisan, 2001), density variations, cell 

characteristics (number, size and thickness) (Fritts et al., 1991), wood chemical 

composition such as basic nutrients and heavy metals (personal communication P. 

Sheppard), isotopic measurements, and even isotopomer measurements, in specific 

molecules found in wood (Augusti et al., 2008). The measurement of stable isotopes in 

organic matter (wood tree ring) has been a precise way to link physiological and 

biochemical mechanisms with environmental factors (Gessler et al., 2014). Moreover, if 
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the measurements are done at a high temporal resolution, with known timing and duration 

of the xylogenesis, we could better constrain the phenology of xylogenesis associated to 

local climate. 

Carbon and Oxygen Stable Isotopes in Tree-ring Cellulose 

The chemical composition of wood varies between species and environments comprising 

different types of lignin, and organic compounds found mixed in resins and sap (Shen et 

al., 2010). A large proportion of wood is composed of cellulose fibers characterized by a 

stable and durable chemical structure. The use of α-cellulose that has been widely used in 

isotope analysis from tree rings (Gessler et al., 2014), because the holocellulose and 

hemicellulose contain carbonyl oxygen groups that can exchange with environmental water 

over time, thereby sampling its isotopic composition (Wright 2008). 

The chemical elements found in the α-cellulose are carbon, oxygen, and hydrogen. 

While isotopes of these elements have the same number of protons and electrons, their 

number of neutrons is different and therefore the isotopes have different masses. For 

example, there are two types of stable isotopes of carbon, 12C being the most abundant 

carbon isotope (98.9%) in the earth system compared to 1.1% abundance for 13C. For 

oxygen, there are three types of stable isotopes, the most abundant in the earth system is 

16O (99.7%), followed by 18O (0.2%), and 17O (0.04%). The isotopic value of cellulose, or 

any organic molecule, results from the isotopic value of the source and any differential 

fractionation of isotopes due to thermodynamic and kinetic isotope effects. The kinetic 

effect is expressed as the ratio between the velocity of the lighter (abundant) isotope vs. the 

heavier (rare) isotope in participating in chemical reactions like CO2 assimilation (Farquhar 
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et al., 1989). The thermodynamic effect represents the balance of two kinetic effects at 

chemical equilibrium and is therefore generally smaller than individual kinetic effects. A 

thermodynamic effect is the unequal distribution of isotope species among different 

solutions or phases in a system in equilibrium, e.g., in the isotopic difference between CO2 

in air versus in CO2 in solution, or the isotopic difference between water vapor and liquid 

(Craig & Gordon, 1965; Farquhar et al., 1982, 1989). 

Pioneer investigations on the isotopic composition in tree rings were conducted by 

H. Craig (1954). This early study explored the 13C composition of tree rings from Sequoia 

sempervirens (Endl.) in relation to variations in atmospheric 13C (Craig, 1954). A few years 

later, a study led by Libby and Pandolfi (1974) identified a significant and positive 

relationship between tree-ring13C and mean air temperature. However, it was not until the 

1980s that the mechanisms explaining isotopic fractionation during carbon assimilation by 

the processes of C3 photosynthesis were established (Farquhar et al., 1982); and later, the 

carbon-water relations during photosynthetic assimilation (Farquhar et al., 1989). Studies 

investigating oxygen isotopic fractionation during carbon assimilation and cellulose 

synthesis were pioneered by Epstein, DeNiro, and Sternberg in the late 1970s and 80s 

(Craig & Gordon, 1965; Epstein et al., 1977; Sternberg & DeNiro, 1983). In those studies, 

the authors attempted to understand the biochemical and physical mechanisms explaining 

the isotopic signals of oxygen expressed in the cellulose from organic material. In 

subsequent studies, they pushed the patterns of 13C and 18O distributions in plant cellulose 

to a new level of understanding that will be addressed in the following sections (Leavitt & 

Long, 1986; Yakir & DeNiro, 1990; Van de Water et al., 1994; Walcroft et al., 1997; Roden 

et al., 2000; Wright et al., 2001; Barbour et al., 2002). The mechanistic understanding of 
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isotopic fractionation in plants opened new possibilities to study long-term tree 

ecophysiological variations as a tool to understand how vegetation responds to variations 

in atmospheric composition and climate variability. 

The processes controlling the fluxes of CO2 and H2O across leaf or needle surfaces, 

depend on the stomatal activity which in turn is controlled by physiological, biochemical 

and anatomical dynamics. Stomata — pores at the surface of the leaves or needles— are 

composed of a pair of guard cells with a shape of two kidneys facing each other, often 

attached by a subsidiary cell that surrounds the guard cells. The guard cells contain a radial 

tissue (radial cell wall thickenings), which provide the mechanical mobility to open when 

guard cell turgor pressure is high, and to close when the turgor pressure is low (Monson & 

Baldocchi, 2013). Stomata actively open and close to facilitate evaporation out from the 

leaf and the diffusion of CO2 into the leaf (Monson & Baldocchi, 2013) 

Stomatal activity is fundamental in controlling the resistance that CO2 or water will 

encounter when diffusing into or out of the leaf, respectively. The reciprocal of this 

resistance is known as the stomatal conductance and this parameter can be altered by 

environmental variables such as light, humidity, VPD, CO2 concentration, leaf 

temperature, water availability, nitrogen (nutrients). The environmental influence on 

stomatal behavior has been modeled by Ball, Woodrow and Berry (BWB) (Ball et al., 

1987). In this model, the stomatal conductance has a positive response) with photosynthetic 

light and leaf temperature until certain threshold and then stomatal conductance decreases 

(Ball et al., 1987, Bernacchi, 2002, Urban et al., 2017), and a negative response to increase 

of transpiration and the intercellular CO2 concentration. Another factor that can determine 

the stomatal conductance in the long term, is the adaptation of leaves to changes the 
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stomatal size and density as a response to environmental conditions during the leaf 

development (Van de Water et al., 1994). Factors such as light, air humidity, water 

availability and atmospheric CO2 concentration will determine the stomatal density 

(Woodward and Kelly, 1995). In general, stomatal density decreases with increase in 

atmospheric CO2 concentrations and under low light intensity (Givnish, 1988) 

The stomatal conductance (𝑔') can be expressed within the context of observed 

fluxes and gradients between the leaf and the atmosphere. Where the mathematical relation 

that explains the CO2 and H2O exchange across leaf and/or needle is described by 

molecular diffusion theory from Fick´s laws of diffusion (Fick, 1855): 

𝑔' =
*
D+

     Eq. 1 

where 𝑔' represents the stomatal conductance defined in units of mol m−2 s−1, F represents 

flux in units of mol m-2 s-1 in the numerator, and the Dc is the concentration gradient 

between leaf and the atmosphere in units of mol mol-1. This principal can be applied in 

equation 2 and 3 for CO2 and H2O where the stomatal conductance of CO2 (𝑔'./0) is an 

expression of the assimilation rate (A) as the flux and the magnitude of the CO2 gradient 

(Δ𝑐./0 = 𝑐𝑎	  – 	  	  𝑐𝑖) which is the difference between the CO2 partial pressure in the 

atmosphere (𝑐𝑎)	  and inner leaf	  (𝑐𝑖). The same can be written for the stomatal conductance 

of H2O (𝑔'70/), which will be dependent on the evaporation (E) as the flux and vapor 

pressure deficit between the inside of the leaf and the atmosphere ( Δ𝑐70/ = 𝑒𝑖	  – 	  	  𝑒𝑎). 

 

𝑔'./0 =
9

:.;<=
    and    𝑔'70> =

?
:.@=<

    Eqs. 2,3 



 

	   32	  

Because of the mass differences between CO2 and H2O, CO2 molecules diffuse 

slower than water molecules, and the relative conductances for the diffusion of CO2 and 

H2O can be determined as the ratio of their respective molecular diffusivity coefficients: 

Kdwater/Kdcarbon = 1.58 (Massman 1998, Monson & Baldocchi, 2013) where: 

𝑔'./0 =
AB@=<
C.EF

     Eq. 4 

  

Mechanistic model for δ13C and Δ13C in cellulose. 

The carbon isotope model presented by Farquhar et al. (1982) is an expression accounting 

for the isotope fractionation that the CO2 molecules with different isotope ratios experience 

when diffusing between the boundary layer of the leaf, through the stomatal pores of the 

leaf, and into the chloroplast where the CO2 is fixed in organic compounds. The final 

isotopic content of the products first formed by photosynthesis at the leaf level (𝛿CH𝑐IJKL) 

will depend on the isotopic content in the CO2 in the atmosphere (𝛿CH𝑐KMN), the ratio of the 

concentration of CO2 inside the leaf, and the concentration of CO2 inside the chloroplasts. 

Due to complications of the measurement of the isotopic fractionation from the 

intercellular spaces to the chloroplast and because this effect can be small, we use the 

intercellular concentrations (𝑐𝑖) and the ambient air (𝑐𝑎) as an acceptable approximation 

to the complete model (Farquhar et al., 1982): 

 

𝛿CH𝑐IJKL = 𝛿CH𝑐KMN − 𝑎 − 𝑏 − 𝑎 ∗ .R
.K

    Eq. 5 

and       
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𝛥CH𝑐 = 𝑎 + 𝑏 − 𝑎 ∗ .R
.K

    Eq. 6 

where 𝑎 is thermodynamic fractionation associated with diffusion of CO2 through the 

stomata (4.4‰) and	  𝑏 is the effective kinetic discrimination against 13C by ribulose-

biphosphate-carboxylase-oxygenase (Rubisco) during carbon fixation (27‰). From Eq. 5 

and 6, ci/ca represents the CO2 concentration gradient between the atmosphere and the 

intercellular space. When ci=ca, ci/ca approaches unity (i.e. high 𝑔'./0 or null A), the 

expected discrimination (D13C) will tend to 27‰ and, when ci<<<ca, ci/ca tends to zero 

(i.e. low 𝑔'./0 or large A) and the expected discrimination will tend to 4.4‰ (Figure 3). 

 

 

Figure 3. Relationship between ci/ca and isotope signal at the leaf-level d13Cleaf and 
the isotopic discrimination D13Cleaf. The vertical dashed lines show an approximation of 
the range of ci/ca observed in the data obtained from all site chronologies in this study. The 
black dots are the d13Cleaf from the tree-ring values, scaled to the leaf level (assuming 1.5 
per mil lower than cellulose) and corrected for Sues effect. The ci/ca ratio in the x-axis, is 
calculated from Eq. 5. 
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Estimations from this model d13Cleaf relate to the products first formed by 

photosynthesis at the leaf level. However, other fractionations are known to occur after 

photosynthesis (Gessler et al., 2014). Wood cellulose has a heavier isotopic value 

compared to leaf cellulose and the first products of photosynthesis indicating post 

carboxylation fractionation processes (Leavitt & Long 1982; Offermann et al., 2011). Such 

fractionations result in tree-ring cellulose having about 2–5‰ higher d13C values than the 

first product of photosynthesis (Barbour et al., 2002). 

The combination of the gas exchange processes in Eqs. 2 and 3 with the Eq. 5 and 

6 have been used to derive the ratio between carbon assimilation and transpiration — water 

use efficiency (WUE) (Farquhar et al., 1989). This carbon-water relationship represents an 

important link between plant physiology and atmospheric and climate conditions. The link 

between WUE and d13C is through the carbon isotope fractionation that is a key factor to 

model 𝑐𝑖 (the difficult variable to measure) with the condition of knowing the d13Cleaf,  

d13Catm and	  𝑐𝑎: 

 

𝑊𝑈𝐸 = 9
?
= 	  

AB@=<
X

X.YZ(.K[.R)

AB@=<(\]^)
    Eq. 7 

 

where 𝑨 is carbon assimilation rate, 𝐸 is the plant transpiration, 𝑔'70/ is the stomatal 

conductance of water and the 1.58 is the water molecular diffusivity factor with respect to 

CO2, (Eq. 4) and, VPD (Δ𝑐70/) is the vapor pressure deficit. From Eq. 7, we see that the 

mean WUE is influenced by VPD differences among locations, potentially introducing 

large variations in mean WUE between ecosystems and elevations. Therefore, to explore 
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the carbon-water relation attributed only to physiological responses, we often use the term 

intrinsic WUE (iWUE) which is a standardized version of WUE without the effect of VPD 

on the E. 

𝑖𝑊𝑈𝐸 = 	   (.K[.R)
C.EF

     Eq. 8 

 

iWUE is useful to study the photosynthetic properties independent of water 

demand. However, by extracting the VPD term from the WUE expression, the iWUE is 

not completely independent of the effects of VPD on 𝑐𝑖 variations. The 𝑐𝑖 will contain 

variability related to the assimilation rate, and variations in stomatal conductance (Eq.2) 

that will also be dependent on water status and atmospheric demand (Ball et al., 1987; 

McDowell et al., 2008; Novick et al., 2016) (also see Appendix 3, Figure S3).  

Changes in 𝑐𝑎 and isotopic composition of atmospheric CO2 have been inducing a 

steady effect on plant δ13C when considered across the period from the mid-1800s to the 

present time (Gagen et al., 2007; Frank et al., 2015). This is due to the increasing 

contribution of CO2 from fossil fuel combustion, which is characterized by a depleted δ13C 

signature that alters the δ13C of atmospheric CO2 (Suess, 1955; Field et al., 1995; Francey 

et al., 1999; McCarroll et al., 2009). This effect has been measured in the declining 13C 

isotopic concentrations in the atmosphere and plant material since the industrial revolution 

(1850 CE). Another consequence of the anthropogenically induced increasing ca is higher 

CO2 partial pressure outside the leaf resulting in a proportional increase of 𝑐𝑖 (Gagen et al., 

2007; McCarroll et al., 2009; Frank et al., 2015). However, empirical evidence suggests 

that plants undergo physiological adaptation to changes in 𝑐𝑎 to keep the relative gradient 
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for CO2 diffusion into the leaf 𝑐𝑖/𝑐𝑎 ratios within the same probability distribution between 

(0.4 to 0.8 Figure 3). These CO2 effects can bias the δ13C when analyzing the physiological 

responses to climate. One way to control biases from these atmospheric effects is to use a 

detrending technique for both atmospheric effects on the δ13C in tree-ring cellulose. This 

correction is useful to derive the iWUE from δ13C measurements in cellulose (Farquhar et 

al., 1989; Gagen et al., 2007; McCarroll et al., 2009) as influenced by climate variations, 

thus minimizing the CO2 effects of a changing atmosphere. 

Mechanistic model for δ18O and Δ18O in cellulose 

Variations in the oxygen isotopic composition of leaf water (d18OL) and organic material 

such as cellulose (d18Ocel) are determined by variations in 1) the isotopic composition of 

water taken up by the plants, 2) the enrichment in 18O of leaf water related to evaporative 

processes during transpiration, 3) the mixing of enriched leaf water and unenriched source 

water, and 4) the exchange between water and organic molecules during cellulose 

biosynthesis. These processes are incorporated into a mechanistic model based on two 

components: (1) a bulk leaf water model to predict evaporative enrichment and (2) a 

biochemical model to predict cellulose isotopic composition (Roden et al., 2000; Barbour 

et al., 2004). Leaf water enrichment is based on the open water surface model developed 

by (Craig & Gordon, 1965) and adapted to plants to include the leaf-boundary layer 

conditions and stomatal diffusion (Dogmann et al. 1974, Flanagan et al. 1991). The oxygen 

in organic molecules reflects the d18O of cellular water in which the molecules were formed 

during photosynthesis (Stenberg and DeNiro 1983). The d18Ocel is related to the 
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fractionation factor (εc) and the fraction of exchangeable oxygen atoms and proportion of 

unenriched xylem water during cellulose synthesis (𝑃Ja). The d18Ocel is then predicted as 

(Roden et al., 2000): 

 

𝛿CF𝑂.JI = 	  𝑃Ja	   𝛿CF𝑂ca + 𝜀. + 1 − 𝑃Ja	   (𝛿CF𝑂Ic + 𝜀.)   Eq. 9 

 

where 𝛿CF𝑂ca, is the isotopic composition of the xylem water; 𝛿CF𝑂Ic is the isotopic 

composition of the water in the leaf; e+, is the fractionation constant of 27‰  between water 

and organic material (Sternberg & DeNiro, 1983). 𝑃Ja is assumed to be a constant value 

despite some studies suggesting that it can be variable. 𝑃Ja	   is often assumed to be 0.42 

(expressed as “ƒo”, Roden et al., 2000) but can range from 0.8 to 0.2 (Offermann et al., 

2011), and can be dependent on aridity (Cheesman & Cernusak, 2016) and seasonality 

(Gessler et al., 2009 and Belmecheri et al., in revision). 

However, to isolate the influence of the VPD without taking into consideration the 

variations induced by the isotopic composition of the xylem water (Barbour et al., 2004), 

it is possible to estimate the cellulose enrichment above the source water 𝛥CF𝑂.JI, and the 

leaf water enrichment 𝛥CF𝑂Ic (Barbour and Fraquhar 2000). 

 

𝛥CF𝑂.JI = 𝛥CF𝑂Ic 1 − 𝑃Ja + 𝜀.     Eq. 10 
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To run the models (Eqs. 8 and 9), we first need to estimate the leaf water 18O 

enrichment (𝛿CF𝑂Ic). The isotopic leaf water enrichment in 18O at steady state can be 

expressed in δ18O terms (Craig & Gordon, 1965; Farquhar et al., 1993) 

 

𝛿CF𝑂Ic = 𝛿CF𝑂ca + 𝜀e + 𝜀∗ + 𝛿CF𝑂f − 𝛿CF𝑂ca − 𝜀e
Jg
Jh

  Eq. 11 

 

Where δ (i.e. 𝛿 = 𝑅NJK'jkJ 𝑅\[lmno − 1 ∗ 1000)) is the oxygen isotopic 

composition (relative to V-SMOW = 0.0020052) of water at evaporating site inside the leaf 

(𝛿CF𝑂Ic) that is dependent on the source water (𝛿CF𝑂ca) and atmospheric vapor 

(𝛿CF𝑂f).	  𝑒R	  and 𝑒K are ambient to intercellular vapor mole fraction. The e*
 (‰) describes 

the equilibrium fractionation associated with change in state of water as it tends toward 

equilibration with the gradient between liquid water to vapor, and is dependent on 

temperature (T) in Kelvin (Majoube, 1971). 

𝛿CF𝑂f = 	  𝛿CF𝑂ca −	  𝜀∗      

and        

𝜀∗ = 𝑒𝑥𝑝 CCHs
t=

− >.uCEv
t

− 0.0020667 − 1 ∗ 1000   Eq. 12 

ek (‰) is the fractionation associated with phase change as water diffuses from wet 

surfaces within the leaf and into the vapor phase as it moves through stomata and the leaf 

boundary layer (Farquhar et al. 1989, Farquhar et al., 2007). In equation (12) 𝑔' and 𝑔z 

are stomatal and leaf boundary conductance, respectively. Note that the 28.5 and 19 values 

in Eq. 13 are kinetic fractionation factors associated with diffusion through the stomatal 
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resistance and boundary layer (28.5 = (1.0285 - 1) * 1000, and 19 = (1.0285(2/3) - 1) * 1000) 

(Farquhar et al., 1993). 

𝜀e =
0F.EAB{X|C}A~

{X

AB{X|A~
{X       Eq. 13 

In Eq. 10, 𝛿CF𝑂Ic can be derived in terms of leaf water enrichment above the source 

water (Farquhar et al., 1993) to allow for the leaf evaporative enrichment to be studied 

independently from source water variations (Barbour et al., 2004). In this relation, 𝛥CF𝑂f 

is the isotopic composition of atmospheric vapor above the source water. 

 

𝛥CF𝑂Ic = 𝜀∗ + 𝜀e + 𝛥CF𝑂f − 𝜀e
Jg
Jh

   Eq. 14 
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Chapter 2 

PRESENTATION OF THIS STUDY 
 

This dissertation titled “Seasonal influences on the carbon-water relations in ponderosa 

pine forests in the northern boundary of the North American Monsoon System”, includes 

three articles presented in the following appendices. The first appendix is an article 

published in Journal of Geophysical Research: Biogeosciences (Szejner et al. 2016); the 

second appendix is an article in revision in Global Change Biology (Szejner et al. in 

review); and the third appendix is a manuscript in preparation (Szejner et al. in 

preparation).  

The first article (Appendix 1) titled “Latitudinal gradients in tree-ring stable carbon 

and oxygen isotopes reveal differential climate influences of the North American Monsoon 

System” addresses how mid-elevation ponderosa pine forests in the NAMS region utilize 

water provided by the seasonal precipitation. We hypothesized that the climatic gradient 

within the NAMS region leads to a latitudinal gradient in the degree to which forests utilize 

summer rain for their annual growth and the main questions were: 1) Can we identify 

regional and seasonal differences in δ13C and δ18O from the EW and LW portions of 

ponderosa pine annual tree rings? 2) Can we detect a physiological response of trees to 

variation in NAMS moisture through these isotopic ratios? 3) What are the seasonal and 

spatiotemporal patterns in the physiological responses of ponderosa pine trees in the core 

and fringe regions of the NAMS domain? and 4) Which climate variables best explain those 

spatiotemporal patterns? 
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In this work, two main regional and seasonal differences in δ13C and δ18O were 

identified from sub-annual tree-ring records. First, δ13C measured in the latewood was 

more sensitive to summer moisture variability in the northern part of the NAMS, with 

diminishing sensitivity toward the southern part, in Arizona and New Mexico. Second, the 

seasonal difference between earlywood and latewood δ18O was greater in the southern 

domain of the study region whereas no difference was observed in the northern part. The 

latewood isotopic records revealed that summer moisture was generally favorable for 

montane forests in the NAMS region, varying at levels that induced lower iWUE due to 

the high humidity that resulted in low evaporative enrichment. 

The second article (Appendix 2) titled “Disentangling seasonal and interannual lag 

effects on forest water demand and carbon assimilation using tree-ring stable isotopes” is 

focused on the occurrence and drivers of phenological and seasonal lags associated with 

the utilization of winter versus summer moisture. The motivation for this work stems from 

the increasing use of intra-annual isotope ratios in tree rings to reconstruct seasonal forest-

climate interactions (Cheesman & Cernusak, 2016; Pellizzari et al., 2016; Kerhoulas et al., 

2017; McCarroll et al., 2017; Zeng et al., 2017). We show that climate variations across a 

major climate system such as NAMS cause intra-seasonal lag effects. If these effects are 

not considered, seasonal and phenological lags can lead to biased interpretations of past 

and future patterns of forest-climate interactions. The main findings were: 1) The seasonal 

lags in VPD can cause autocorrelation between earlywood and latewood isotope ratios 

observed in sites of the northern NAMS domain. 2) In the southern domain, less EW-LW 

autocorrelation is related to the role of summer rain, and 3) Summer VPD is a dominant 

driver of the seasonal coupling of the carbon-water cycling in the southern domain. 
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The third article (Appendix 3) titled "Increasing drought frequency causes multi-

year legacies in semi-arid forests" addresses the physiological versus climatological 

influences of extreme climate conditions in triggering long-term memory (legacy) effects 

in growth and carbon-water relations in forested ecosystems. The understanding of the 

cause and magnitude of legacy effects is crucial for an accurate prediction of ecosystem-

atmosphere carbon and water exchange, and yet remains poorly understood. Recent 

analyses of forests recovery following extreme droughts indicate the potential for multi-

year legacy effects, particularly in semi-arid pine forest ecosystems (Anderegg et al., 2015; 

Peltier et al., 2016; Schwalm et al., 2017). In this study, we show that the cause of the 

observed drought legacies derived from the tree-ring carbon isotope network was a 

simultaneous increase in the frequency of extreme droughts during the past two decades, 

and increase in tree sensitivity to water limitations. However, when recent climate trends 

(higher VPD; Prein et al., 2016) are removed from the tree-ring isotope chronologies, the 

physiological recovery after extreme droughts lasted an average of one year for the studied 

forests. 
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Key Points: 

•   Significant regional differences in δ13C and δ18O from earlywood and latewood 

were observed, which reflect a gradient in seasonal monsoon development. 

•   Tree WUE inferred from latewood δ13C exhibited greater sensitivity to moisture 

variation near the North limit of the monsoon system.  

•   Summer air humidity has a significant latitudinal influence on the relative δ13C and 

δ18O values in cellulose of earlywood and latewood. 

 

Abstract  

The arrival of the North American Monsoon System (NAMS) terminates a pre-summer 

hyper-arid period in the Southwestern United States (US), providing summer moisture that 

is favorable for forest growth. Montane forests in this region rely on winter snowpack to 
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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 eleven 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 eco-physiological 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 

because 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 d18O 

and d13C values revealed that photoassimilates in the southern sites were produced under 

higher VPD 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 US montane forests. 

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 southwestern United States (US) 
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(Adams & Comrie, 1997). The NAMS is initiated in late spring following heating of the 

Sierra Madre Occidental and Mexican Plateau (Douglas et al., 1993; Higgins et al., 1997). 

Continental heating in these regions creates a sea–land pressure gradient that facilitates the 

inland movement of low altitude atmospheric moisture from the eastern tropical Pacific 

and Gulf of California with an additional source from the Gulf of Mexico in a high 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 

progresses northward in the form of frequent afternoon and evening convective storms. 

 Besides summer precipitation, winter precipitation is also an important resource for 

forests in the Southwestern US. 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 & Hall-

McKim, 2006) and is correlated instead with longer term climate modes influenced by sea 

surface temperature in the Eastern Pacific Ocean (Nolin & Hall-McKim, 2006; Vera et al., 

2006). Archeological evidence has revealed centennial-scale variation in the spatial domain 

of the NAMS, showing a more northerly occurrence of summer rain during the warmer 

conditions of the Medieval Climate Anomaly (MCA) (Coltrain & Leavitt, 2002). 

Continental 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 
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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 & Baisan, 2001; Helle & 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 US. 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 secondary cell walls (Vaganov et al., 2006). Trees and 

individual annual rings will exhibit different degrees of representation of these tissues, 

depending on the environmental conditions experienced during growth (Meko & Baisan, 

2001; Stahle et al., 2009; Griffin et al., 2013). 
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 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 (d) of the wood cellulose (Vaganov et al., 

2009; Leavitt, 2010). According to theory, the ratio between the intercellular 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 

through measurements of cellulose δ13C. Examination of the cellulose δ13C values in tree 

rings allows for physiological 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 exchanged with stem water 

at the site of wood cellulose synthesis [Roden et al., 2000; Gessler et al., 2014]. 
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 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 geographic 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 versus 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: 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 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? 
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Methods  

1.   Regional characteristics 

 The climate of the US 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.   Data collection. 

 Forty-four α-cellulose stable isotope tree-ring chronologies [1960 – 2012 CE] were 

developed from eleven sites within the NAMS region (Supplementary Figure 1). The 

eleven sites are distributed across the southwestern US with 5 sites located in AZ, 4 sites 

in NM, and 2 sites in UT (Figure 1a). Four chronologies were developed at each site from 

EW and LW cellulose δ13C and δ18O.  
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Figure A1 1. a) Proportion (in %) of summer (July-September, JAS) precipitation with 
respect to the total annual precipitation amount. Darker colors indicate higher summer 
precipitation proportion. The tree-ring network in the US extension of the NAMS is 
indicated with black dots. Climate diagrams of precipitation (pre) and temperature (tmp) 
for northern (UT, b), southeastern (NM, c) and southwestern (AZ, d) regions of the NAMS. 

 

 The sites and sampled trees were selected from montane 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 hyper-arid 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 pre-summer drought. In order to secure enough wood material for the isotopic 
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analysis at each site, we collected two to three cores from 20 to 30 trees using an increment 

borer of 5-mm diameter (inner cylinder). 

3.   Chronology development and dating. 

To ensure correct dating of the isotope measurements, samples were visually cross-

dated following classic dendrochronological methods (Stokes & Smiley, 1996). Briefly, 

samples were mounted using water-soluble hide glue, so that the samples to be analyzed 

for isotope composition could be un-mounted easily and sectioned after dating. A tree-ring 

chronology was developed for each site that included the 4-5 trees used for the isotopic 

analysis (Table 1). Each ring-width series was detrended and standardized by fitting a 100-

yr cubic spline (Cook & Peters, 1997), followed by the calculation of a robust mean to 

compute the final ring-width chronology (Table 1).  To assess patterns in the 

chronologies, we calculated several descriptive statistical metrics (Table 1). The mean 

sensitivity (MS) quantifies the inter-annual variation in growth between two adjacent rings, 

often interpreted 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; the mean inter-series correlation (Rbar) is the mean 

correlation coefficient resulting from comparing all possible segments of a predetermined 

length among all the series included in the chronology. In this study, a 50-yr segment length 

and a 25-yr lag between consecutive segments was used. The Expressed Population Signal 

(EPS) is based on the Rbar and has a possible range from zero to one expressing the total 

signal present in the chronology. The EPS increases with sample size and number of 

samples, and values >0.85 indicates that the number of samples integrating the chronology 
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is large enough to capture an adequate signal present in an infinitely replicated chronology 

(Wigley et al., 1984). 

 

Table A1 1.  Site characteristics and statistics of tree-ring chronologies used for isotopic 
analyses. Ring width length (RWL), mean sensitivity (MS), number of samples (N), mean 
correlation coefficient (Rbar), Expressed Population Signal (EPS), Signal to noise ration 
(SNR). 

 

site 

Physical characteristics tree-ring chronology statistics 

Latitude 

(°) 

Longitude 

(°) 

Altitude 

(m a.s.l.) 

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 
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4.   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 and EW2), 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 ten years when we analyzed 

trees separately to quantify the inter-tree variability in isotopic composition 

(Supplementary Figure 1). 

 Samples were ground to 20 mesh (0.84 mm) 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 7g of sodium 

chlorite in 500 ml, adding glacial acetic acid to maintain a pH below 4, and then rinsed 

with de-ionized water. In the final step, samples were submersed in a 17% solution of 

sodium hydroxide for 60 min, rinsed with distilled water, bathed in a 10% acetic acid 

solution for 60 min, and then rinsed again. In order to obtain well-mixed (homogeneous) 

α-cellulose, fibers were separated by sonicating the material in 1 ml of chilled de-ionized 

water with 30 sec of ultrasound using a Hielscher UP200S ultrasonic probe (Laumer et al., 

2009).  
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 The ratios of 13C/12C were measured for the CO2 produced during α-cellulose 

combustion in a high-temperature conversion elemental analyzer coupled with a Thermo 

Delta Isotope Ratio Mass Spectrometer (TC/EA–IRMS) in the Environmental Isotope 

Laboratory of the Department of Geosciences at The University of Arizona. The 18O/16O 

ratios were measured on the CO produced by α-cellulose pyrolysis (Saurer et al., 1998) in 

a TC/EA–IRMS at the Stable Isotope Ratio Facility for Environmental Research from the 

University of Utah (SIRFER). Isotopic values are expressed in the delta (δ) notation 

relative to the δ13C VPDB ‰ and δ18O VSMOW ‰. The δ13C sample accuracy was ± 

0.06‰ (standard deviation calculated from the average difference between measured 

internal standards, n = 230), and the δ18O sample accuracy was ± 0.24‰ (n = 429). 

5.   Data Analysis: 

 Each δ13C chronology was corrected for the 13C "Suess effect" introduced by long-

term trends in the stable carbon 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 rising CO2 

[the so-called PIN correction; see, Gagen et al., 2007]. To compare the EW and the LW 

δ13C, we estimated the mean annual difference between both sections and tested the 

statistical significance of differences using a t test and a Kolmogorov & Smirnov 

distribution test (Supplementary Table 1). 
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6.   Seasonal climate response: 

 To test tree response to climate variability, the isotope chronologies were compared 

with monthly and seasonal 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 (NCEP) and National Center for Atmospheric Research (NCAR) 

(NCEP-NCAR) (Kistler et al., 2001). δ13C and δ18O chronologies were regressed against 

monthly climate records from the previous September through the following-year 

November of each growth year (13-month window). 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 covariance matrix, using the PCA function in the software 

package “R” {FactoMineR library}. Using the δ13C and δ18Ο values in EW and LW 

chronologies, six different PCAs were resolved in two different modes to show significant 

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 δ18Ο for both 

EW and LW as separated variables, and was correlated with geographically-gridded 

monthly VPD. 
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Results 

1.    Regional differences between EW and LW δ13C and δ18O. 

 The δ18O values of EW were significantly different (at P < 0.05) from LW for eight 

of the eleven study sites; the exceptions were the northern sites in UT (RCP, MFP) and one 

site in northern NM (SPP) (Figure 2) (Supplementary Table 1). Similarly, the δ13C values 

for EW and LW were significantly different at most sites, except the northern sites RCP, 

KPP, CDT, SPP and SAP. A south-to-north gradient was observed in the difference 

between EW and LW with regard to mean δ13C and δ18O. Interestingly, the LW δ13C and 

δ18O values at the southern sites were 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). 

2.   Monthly climate response.  

 Considering all sites combined, the δ13C and δ18O values were negatively correlated 

with monthly mean precipitation 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 

precipitation (Figure 3 a, b). 
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Figure A1 2. Regional δ13C (top) and δ18O (bottom) mean values (‰) and mean annual 
difference between EW and LW (‰). Left: EW (a, d), Center: LW (b,e) and Right: the 
mean annual difference between EW and LW (c,f) (ns) indicates no statistical difference 
at P < 0.01, based on a t test (Supplementary Table 1). 

 

EW δ18O values were significantly correlated with mean spring VPD, and LW δ18O values 

were significantly correlated with mean summer VPD (Figure 3 c, d). The significantly 

positive correlations between δ13C with precipitation and VPD only differentiated the EW 

from LW in the summer months (Figure 3 a, c). 
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Figure A1 3. Mean and 95% confidence intervals across all study sites of monthly Pearson 
correlation coefficients of EW (blue) and LW (orange) with precipitation (a,b) and VPD at 
700 hPa (c,d). Grey shading indicates coherent seasons with significant correlations. The 
horizontal continuous and dashed lines mark the significance levels for Pearson 
correlations at α = 0.05 and α = 0.01 respectively.  Bold-italic letters mark months from 
previous year on the x-axis.  

 

 Values of δ13C in EW and LW reflect physiological responses to moisture 

variability and this sensitivity is significant in the northern AZ, NM and UT sites. There is 

a distinct south-to-north gradient in the degree to which LW δ13C reflects summer 

precipitation amounts, with the correlations between LW δ13C and mean summer 

precipitation at sites located in southern AZ not statistically significant (Figure 4). In 

contrast, sites located in northern Utah showed highly significant correlations between LW 

δ13C and mean summer precipitation.  
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Figure A1 4. Site-specific Pearson correlation coefficients between δ13C chronologies and 
precipitation (top), temperature (center) and VPD 700 hPa (bottom) from 1960 – 2012 CE. 
Correlation coefficients were calculated between δ13C EW (left panel) and LW (center 
panel) and spring (AMJ) precipitation, temperature, and VPD. In addition to this, 
correlation coefficients were calculated between δ13C LW and summer (JJA) climate 
variables (right panel). Statistically non-significant correlations are shown in white. 

 

 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. 
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Figure A1 5. Site-specific Pearson correlation coefficients between δ18O chronologies and 
precipitation (top), temperature (center) and VPD at 700 hPa (bottom) from 1960 – 2012 
CE. Correlation coefficients were calculated between δ18O EW (left panel) and LW (center 
panel) and spring (AMJ) precipitation, temperature, and VPD, and between δ18O LW and 
summer (JAS) climate variables (right panel). Statistically non-significant correlations are 
shown in white. 

3.   Regional signal of EWt and LWt. Mode 1 

 The first principal component (PC1) of δ13C from Mode 1 (combined EW and LW; 

see Methods) 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 common variance, although 
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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 seasonality observed in EW and LW values and the low frequency variation of 

10–20 years (Figure 6). 

 

Figure A1 6. First principal components (PC1) of δ13C and δ13O time series in “Mode 1” 
(combined EW and LW; see methods) expressing the common seasonal variability across 
sites. The loadings of individual sites on PC1 are shown in the top panels and the 
corresponding PC1 time series are shown in the bottom panels. 

4.   Regional response principal component Mode 2.  

 Like Mode 1, PC1s of Mode 2 (EW and LW analyzed separately; see Methods) 

explained 50% of the variance in the EW δ13C across sites, and 45% of the variance of the 

LW δ13C (Figure 7). PC1s of Mode 2 from EW δ18O and LW δ18O explained 34% and 25% 

of the total variance, respectively. Pearson correlation coefficients 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 
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field correlation analysis in the Supplementary Figure 3). Additionally, the common pattern 

in the δ13C network showed a significant correlation coefficient between EW and LW (r = 

0.84). The δ18O common signal showed a distinct difference between spring and summer 

influences in the southernmost portion of the study domain.  

 

Figure A1 7. Field correlations of the first component (PC1) from Mode 2 derived from 
the δ18O and δ13C EW and LW chronologies, loaded independently (see Methods). Each 
colored pixel in the maps corresponds to the correlation coefficient between the spring 
(AMJ) mean VPD at 850 hPa record 1960–2012 and the PC1 EW (left maps), and summer 
(JAS) mean VPD record 1960–2012 and the PC1 LW (right maps). Non-colored pixels 
correspond to non-significant correlation at α = 0.05 significance level. (Supplementary 
Figures 4-12).  
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Discussion  

 The spatial pattern of sub-annual tree ring δ13C and δ18O time series from 1960–2012 

CE allowed us to identify differences between winter versus summer precipitation 

influences on Ponderosa pine tree growth across the arid US Southwest. The seasonality of 

the climate varied markedly from south-to-north across the US extension of the NAMS. In 

the southern portion of the domain (AZ), a bimodal precipitation pattern is 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 towards 

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 the 

northern portion of the domain, the proportion of winter precipitation is greater, with a 

varying contribution of summer monsoon rain (Supplementary Figure 4) (Higgins et al., 

1997; Castro et al., 2001; Dominguez et al., 2008). At the northernmost site, in the Uinta 

Mountains near Salt Lake City, UT, summer monsoon activity consists of weak, infrequent 

surges of moisture that break away from the northern boundary of the monsoon circulation. 

In fact, at the most northern sites (RCP and MFP), the percentage of summer rainfall 

associated with the timing of monsoon circulation is as low as 10% (Figure 1).  

 The δ13C and δ18O values of EW and LW revealed geospatial patterns that reflect the 

decreasing south-to-north gradient of summer precipitation (Figure 2). The mean 

correlation between δ13C and δ18O in EW with monthly precipitation was significant (P < 

0.05) only for winter and spring precipitation across the entire gradient, whereas the 

correlations between δ13C and δ18O in LW with monthly precipitation were significant for 
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summer precipitation (Figure 3 a, b). These results confirm previous observations in which 

LW formation was attributed to the growth period associated with delivery of NAMS 

moisture (Meko & 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 eleven 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 isotopes [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 the wettest conditions, as predicted by 

mechanistic models (Gessler et al., 2014). 

 The relative enrichment of EW cellulose in 18O and 13C isotopes, compared to LW 

cellulose, which we observed 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 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 VPD dynamics was more 

pronounced for δ18O, compared to δ13C, emphasizing different seasonal influences of 

atmospheric water demand on leaf water isotopic fractionation. The fact that we observed 

significant positive correlations between EW δ18O and monthly VPD in spring, as well as 

between LW δ18O and monthly VPD in mid-summer and fall, and no significant correlation 

between LW δ18O and monthly VPD in spring, suggest that there is no persistent memory 
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effect imprinted in the oxygen isotopes from spring to summer (Helle & Schleser, 2004; 

Kagawa et al., 2006a). The positive correlations with VPD reflect the heavier 18O/16O 

isotope signal of leaf water during greater evaporative enrichment in periods with low 

atmospheric humidity (Roden & Ehleringer, 2007). These results suggest the existence of 

a previously underappreciated effect of the extreme differences of atmospheric humidity 

between spring and summer, which can lead to significant differences in the isotopic values 

in tree rings along this latitudinal transect. The summer arrival of the NAM creates a 

relatively humid break in the otherwise hot, hyper-arid climate of early summer in the US 

Southwest, and apparently allows higher elevation forests to efficiently utilize warm-

season precipitation for photosynthetic carbon assimilation during the late-growing season. 

However, further research must be conducted 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 precipitation were similar across all sites (Figure 4). The δ13C of LW samples, 

however, showed strong latitudinal differences when correlated 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 in mean summer precipitation and VPD, whereas no such 

effect occurred at the southern sites in AZ. The southern sites are located in that part of the 

US extension of the NAMS that receives the highest fractions and amounts of summer 

moisture compared to northern and eastern sites (Figure 1). Accordingly, the non-

significant relationships between δ13C of LW and mean precipitation and VPD at the 
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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 be more 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 that was assimilated the previous spring, especially during years 

with lesser amounts of summer precipitation. This could bias LW isotope values toward 

those of the colder, drier spring period in years with limited 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 precipitation — 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 & 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 southern mountains 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 
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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 processes 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 photosynthetic 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 US. This period 

included the extreme drought of 2002-2003 as it is observed in our δ13C records (Figure 6, 

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 a positive trend in the EW for the last three decades 

(Figure 6, 7), indicating that water limitations on tree functioning have indeed been 

significant. 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 & Seager, 2013). These projections suggest a longer hyper-arid period with 

a later monsoon onset in the NAMS core region. Additional climate projections predict a 
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temperature-driven increase in the warm-season VPD in the Southwestern US (Williams 

et al., 2012). 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. 

 

Conclusions:  

 This study identified two main regional and seasonal differences in δ13C and δ18O 

from sub-annual tree ring records on trees in the NAMS region. First, δ13C in LW was 

sensitive to interannual summer moisture 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 ponderosa pine trees have differential access to warm 

season 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 precipitation provided supporting evidence that δ13C and δ18O 
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values are useful to infer seasonal moisture availability in semi-arid 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 US 

because different moisture sources from two seasons (i.e., snowpack and monsoon rainfall) 

likely have different 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 hyper-arid periods 

before monsoon onset and increasing evaporative demand, especially during the drier 

periods, in the face of ongoing anthropogenic climate change. The possibility to derive 

seasonal moisture variability from sub-annual 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 projections 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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Supplement material 

This document provides supplementary information to the results and data presented in 

“Latitudinal Gradients in Tree-Ring Stable Carbon and Oxygen Isotopes Reveal 

Differential Climate Influences of the North American Monsoon System”. Herein, we 

i) show the results of a comparison between earlywood (EW) and latewood (LW) isotopic 

signatures, ii) provide additional figures describing the dataset that was used for the 

analyses, iii) display monthly mean temperature, precipitation and VPD at each study site, 

and iv) compile the monthly field correlations between the first principal components of 

EW and LW stable isotopes and VPD and Temperature.  The last point complements the 

results shown in figure 7 in the main text. 
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Appendix table 1. Results from the Kolmogorov & Smirnov distribution test and Student’s 
t-test to assess the similarity of the EW and LW mean values and distributions. The 
displayed P values were used to demarcate non-significant (ns) relationships at α = 0.01 in 
Figure ms 2. 

 

Site δ13C δ18O 

  EW_LW t-test P EW_LW t-test P 

RCP 0.028ns 0.015 ns  0.302 ns 0.261 ns 

MFP 0.000 0.000 0.587 ns 0.362 ns 

KPP 0.028 ns 0.426 ns 0.000 0.000 

LMP 0.000 0.000 0.000 0.000 

CDT 0.315 ns 0.317 ns 0.000 0.000 

SPP 0.315 ns 0.517 ns 0.053 ns 0.072 ns 

GHP 0.001 0.001 0.000 0.000 

SAP 0.304 ns 0.354 ns 0.000 0.000 

SLS 0.000 0.000 0.000 0.000 

CPP 0.000 0.008 0.000 0.000 

WCP 0.000 0.000 0.000 0.000 

(ns)Values indicate that density distribution and means are not statistically different. 
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Figure A1-S 1. Sub-annual tree-ring stable carbon δ13C (‰, left column) and oxygen δ18O 
(‰, right column) isotope values. Network sites were ordered geographically from north 
(top panels) to south (bottom panels). Blue lines represent the earlywood and yellow lines 
represent the latewood. The dotted time series in the left column are the carbon isotope 
values without the PIN correction (isotopic effect of increasing CO2 concentrations(Gagen 
et al., 2007)). 
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Figure A1-S 2. Probability density distributions of stable carbon (left panel) and oxygen 
(right panel) isotope measurements. Green lines represent earlywood and red lines 
latewood values, with the color intensity increasing from northern to southern locations. 

 

 

Figure A1-S 3. Mean and 95% confidence interval of monthly vapor pressure deficit (VPD) 
at the 850hPa and 700hPa pressure levels. VPD was calculated using the Clausius-
Clapeyron equation with air temperature and relative humidity derived from the nearest 
grid cell to each site in The National Center for Environmental Prediction (NCEP) and 
National Center for Atmospheric Research (NCAR) (NCEP-NCAR) reanalysis dataset 
(Kistler et al., 2001).  
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Figure A1-S 4. Mean and 95% confidence interval of monthly precipitation (left panel) and 
temperature (right panel) extracted from the nearest grid cell to each site in the CRU TS3.21 
data set [National Center for Atmospheric Research, 2014]. 

  



 

	   92	  

Monthly Field Correlations between tree-ring stable isotope measurements and 

gridded VPD calculated from The National Center for Environmental Prediction 

(NCEP) and National Center for Atmospheric Research (NCAR) (NCEP-NCAR) 

reanalysis dataset (Kistler et al., 2001) 

 

Figure A1-S 5. Field correlations between the first principal component (PC1) of the δ18O 
EW chronologies and monthly VPD at 700hPa. Blank pixels correspond to non-significant 
correlations at α = 0.05. 
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Figure A1-S 6. Field correlations between the first principal component (PC1) of the δ18O 
LW chronologies and monthly VPD at 700hPa. Blank pixels correspond to non-significant 
correlations at α = 0.05. 
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Figure A1-S 7. Field correlations between the first principal component (PC1) of the δ13C 
EW chronologies and monthly VPD at 700hPa. Blank pixels correspond to non-significant 
correlations at α = 0.05. 
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Figure A1-S 8. Field correlations between the first principal component (PC1) of the δ13C 
LW chronologies and monthly VPD at 700hPa. Blank pixels correspond to non-significant 
correlations at α = 0.05 significance level. 
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Monthly Field Correlations between stable isotope measurements and gridded temperature 

extracted from the CRU TS3.21 data set [National Center for Atmospheric Research, 2014] 

Figure A1-S 9. Field correlations between the first principal component (PC1) of the δ18O 
EW chronologies and monthly temperature. Blank pixels correspond to non-significant 
correlations at α = 0.05. 
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Figure A1-S 10. Field correlations between the first principal component (PC1) of the δ18O 
LW chronologies and monthly temperature. Blank pixels correspond to non-significant 
correlations at α = 0.05. 
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Figure A1-S 11. Field correlations between the first principal component (PC1) of the δ13C 
EW chronologies and monthly temperature. Blank pixels correspond to non-significant 
correlations at α = 0.05. 

 



 

	   99	  

Figure A1-S 12. Field correlations between the first principal component (PC1) of the δ13C 
LW chronologies and monthly temperature. Blank pixels correspond to non-significant 
correlations at α = 0.05. 
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Abstract: 

Analysis of tree-ring isotope ratios has been used to understand past dynamics of forest 

carbon assimilation and associated water use with an annual-to-decadal scale. However, 

these past dynamics can also be assessed seasonally by studying distinct sections within 

annual rings. Uncertainties in this approach are associated with correlated climate effects 

across seasons and years, phenological lags in the allocation of carbon, and the inter-

seasonal mixing of precipitation into the same soil water. The objective of this study was 

to reduce these uncertainties by examining intra-annual carbon and oxygen isotope ratios 

of Pinus ponderosa trees growing across a latitudinal climate gradient within the 

geographic domain of the North American Monsoon (NAM) climate system. Correlation 

analysis applied to multi-decadal chronologies of isotope ratios from earlywood (EW) and 

latewood (LW) revealed significant positive autocorrelation within seasons and between 

years for both δ13C and δ18O. The autocorrelations were likely due to lagged responses of 

tree-ring variables to climate at the sites. After removing intra-annual autocorrelation, we 

isolated the seasonal dependence of isotope ratios on climate across the latitudinal gradient. 
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This resulted in greater differentiation of the isotope signals across seasons and years, 

which clarified the distinct influences of summer precipitation in the southern region of the 

NAM domain. Application of a coupled isotope fractionation-climate model supports the 

hypothesis of weaker lags, and a greater influence of summer precipitation and associated 

low atmospheric vapor pressure deficit on LW isotope ratios in southern sites. By 

combining time-series observations of tree-ring isotope ratios with mechanistic models we 

improved our understanding of past seasonal precipitation patterns and of lags associated 

with carbon assimilation and seasonal water use, in response to changes in the NAM 

climate system.  

Introduction 

 Temporal variations in soil water availability and atmospheric vapor pressure deficit 

(VPD) influence many of the physiological processes related to carbon assimilation and 

water loss via stomatal conductance and photosynthesis (Farquhar et al., 1989, 2007; 

Gessler et al., 2014; Levesque et al., 2017). Carbon and oxygen stable isotope ratios in α-

cellulose of tree rings are time-integrated tracers of eco-physiological processes over time 

(Craig, 1954; Libby & Pandolfi, 1974). However, new questions have arisen related to the 

extent of achievable temporal resolution using tree rings because of factors causing inter-

seasonal autocorrelations (i.e. temporal connections or lag effects) in carbon allocation, 

water use and growth (Monserud & Marshall, 2001; Cuny et al., 2015; Gessler & Treydte, 

2016). 
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 Isotope analysis in tree rings is typically used to analyze inter-annual or decadal scale 

relationships between climate and plant physiology (Leavitt et al., 2002; Wright & Leavitt, 

2006; Roden & Ehleringer, 2007; Treydte et al., 2007; Bale et al., 2011). However, finer 

temporal-scale analysis, such as intra-annual studies of the earlywood (EW) and latewood 

(LW) portions of annual rings, have also been used to reveal seasonal interactions between 

climate and physiology (Fritts, 1976; Meko & Baisan, 2001; Leavitt et al., 2002; Griffin et 

al., 2013; Babst et al., 2016; Labotka et al., 2016; Pellizzari et al., 2016; Sargeant & Singer, 

2016; Szejner et al., 2016; Kerhoulas et al., 2017). At the onset of the growing season, 

cambial activity in conifers initiates xylogenesis in the vascular tissue forming earlywood 

(EW), which is usually characterized by large-diameter tracheids. As the early growing 

season progresses into summer, cambial activity slows down, producing a distinguishable 

change in ring anatomy characterized by smaller-diameter tracheids with thicker cell walls 

and smaller lumens, giving the wood a darker hue; which is known as latewood (LW) 

(Pallardy, 2008). These anatomical features and seasonal differences between EW and LW 

should reflect phenological processes cued to photoperiod and temperature, as well as the 

direct influences of a changing seasonal climate on carbon and water availability. The 

isotope composition of cellulose in these different tissues records fractionations associated 

with both kinetic and thermodynamic (equilibrium) influences on carbon and water 

exchanges through the soil-plant-atmosphere continuum (Roden et al., 2000; Farquhar et 

al., 2007).  

 One challenge with climatic interpretation of isotope ratios in EW and LW is that 

these ratios can reflect mixed signals from multiple seasons, consequently blurring the 
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differences caused by specific seasonal climate regimes (Helle & Schleser, 2004; Vaganov 

et al., 2009; Gessler et al., 2014). Cross-dependence between EW and LW has been 

observed in both anatomical (Meko & Baisan, 2001; Griffin et al., 2011; Dannenberg & 

Wise, 2016; Torbenson et al., 2016) and isotopic properties (Leavitt et al., 2002; Helle & 

Schleser, 2004; Kagawa et al., 2006b; Kress et al., 2009; Vaganov et al., 2009; Kimak & 

Leuenberger, 2015). Thus, our study aims to determine the degree of dependence of isotope 

measurements within sections of individual rings, and to assess the potential for using those 

sections to reconstruct tree–climate interactions at seasonal resolution across a gradient in 

the relative abundances of winter and summer precipitation.  

 The geographic domain for our studies was that of the North American Monsoon 

(NAM) climate system in the southwestern United States (Higgins et al., 1997; Sheppard 

et al., 2002). Past studies on carbon and oxygen isotopes in earlywood (EW) and latewood 

(LW) suggest that forests in the southern part of the study area function with lower intrinsic 

water use efficiency (iWUE; molar ratio of carbon assimilation to transpiration) than in the 

northern part and showed lower evaporative enrichment of 18O in LW compared to EW 

(Szejner et al., 2016). Unresolved, however, was the question as to whether seasonal lags 

in carbon allocation to xylogenesis and cross-dependencies in the isotope ratios of EW and 

LW were causing the observed patterns between EW and LW. For example, seasonal lags 

in the use of photosynthate may obscure otherwise clear signals of seasonal climate 

variations in some parts of the regional gradient (Kimak & Leuenberger, 2015; Rahman et 

al., 2016). In this study, we extend the analysis of Szejner et al (2016) with additional tree-

ring sites and specific consideration of the autocorrelation in the isotope ratios of EW and 
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LW. We assessed seasonal influences on EW and LW isotope ratios using regression 

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

2016), and a coupled isotope fractionation-climate model (Roden et al., 2000, 2015; 

Barbour et al., 2004). 

We addressed three questions: (1) Is there statistical dependence in the isotope 

ratios of EW and LW that can be explained by seasonal and interannual lags in the 

influences of climate on isotope fractionation? (2) What are the geographic patterns of that 

dependence in trees sampled from a south-to-north gradient in summer rainfall delivered 

by the NAM climate system? (3) Can we explain geographic patterns in the statistical 

dependence of isotope ratios in EW and LW through the known physiological processes 

that cause isotope fractionation and differences in seasonal climate along the gradient? 

Overall, our aim was to develop new knowledge on coupling between the carbon and water 

cycles and the influence of winter versus summer precipitation on forest tree eco-

physiological processes, such as water use and iWUE, through the use of tree-ring stable 

isotope ratios. Understanding the influence of seasonal variability in climate influences on 

forest water use and net primary productivity will provide some of the fundamental insights 

needed to assess past and future forest vulnerability to climate change. 
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Material and Methods: 

1.   Study Area. 

 Summer climate across much of the southwestern US is characterized by an annual 

monsoon system, the North American Monsoon (NAM). Within the domain of the NAM, 

winter precipitation decreases from northwest to southeast and summer precipitation 

decreases from south to north. At the northern limits of the NAM (in northern Arizona or 

southern Utah) only 20 – 30% of the total annual precipitation falls in the summer. In the 

southern portions of the NAM, in Arizona, New Mexico and northern Mexico, a bimodal 

precipitation regime occurs, in which summer rainfall contributes between 40 – 70% to the 

annual total (Figure A2 1). 

2.   Data collection. 

 An updated version of the tree-ring isotope network that was originally assembled 

for the study by Szejner et al (2016) was used in this study. The new dataset contains two 

more sites: Bryce Canyon, Utah (BRY, 1960-2015), and one at Mesa Verde, Colorado 

(MVP, 1911-2015). Additionally, three chronologies (RCP, LMP and WCP) where 

extended back in time from 1960 to the 1930s. In total, fifty-two stable isotope 

chronologies were developed from thirteen sites within the NAM region. The sites are 

distributed across the southwestern US with five sites located in Arizona, four sites in New 

Mexico, three sites in Utah and one site in Colorado (Figure A2 1a). For each site, we 

developed EW and LW chronologies of both carbon (δ13C) and oxygen (δ18O) isotopes. 
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Figure A2 1. Tree-ring network and seasonal precipitation regime. a) Location of tree-ring 
sites (circles) on a map of summer precipitation (July, August, September) proportion of 
annual precipitation in the region of influence of the North American Monsoon. b) Mean 
cool-season (October-September) and summer precipitation at four separate tree-ring sites. 
Error bars are two standard errors of the mean. Monthly precipitation data for the period 
1901-2012 were obtained from University of East Anglia Climate Research Unit (CRU 
TS3.21).  

 

 To secure enough wood for the isotopic analysis at each site, we collected 2-3 cores 

from 20-30 trees using an increment borer, and to provide a large sample pool we chose 4-

5 sampled trees to be processed and analyzed (Leavitt et al., 2002). Sampled trees were 

selected from montane forest ecosystems. We avoided sites with large surrounding 

watersheds that could contribute runoff water to the sampled trees, evidence of past-century 

land-use changes, or substantial evidence of tree-to-tree canopy competition. The trees we 

studied satisfied the following criteria: 1) Medium age (e.g. 100-150 years), 2) signs of 

vigorous recent growth with a well-formed and symmetrical crown, and 3) no or minimal 



 

	   116	  

occurrence of false rings or intra annual density fluctuations (IADFs), which complicate 

the seasonal interpretation of EW and LW formation.  

3.   Sample preparation and isotope analysis 

 Samples were mounted using water-soluble hide glue, so that they could be surfaced 

using fine sand paper allowing visual cross-dating (Stokes & Smiley, 1996) and then 

subsequent removal of the core from the mount for the next steps. After samples were 

cross-dated (Szejner et al., 2016), each dated tree ring was sliced into three progressively 

younger sections: the earlywood (EW), which was split into two halves EW1(first half) 

and EW2 (second half), and the latewood (LW) (Figure A2 2). Samples were ground to 20 

mesh —0.84 mm size particles— and heat sealed in permeable bags produced from a 

polymer fabric (Ankom Technology, Macedon, NY). Samples of α-cellulose were 

extracted from each wood sample following the method described by Leavitt & Danzer 

(1993), with modifications described in Szejner et al. (2016). Only EW1 and LW were 

used for the isotopic analysis, because the intra-annual timing of cell maturation for the 

EW2 division was uncertain. We assumed that the EW1 division was matured using 

precipitation from winter and spring and that the LW division was matured using summer 

precipitation (Pallardy, 2008; Szejner et al., 2016). For each year and for each site, each 

subdivision was pooled from all trees into one combined sample, except every ten years 

when we analyzed trees separately to quantify inter-tree variability. The mean coefficient 

of variation (𝐶f = 𝑠 𝑥 ∗ 100) of the inter-tree variability for all sites was: 3.1± 0.7% for 

EW1δ13C, 4.0±1.2% for LW δ13C, 5.0±1.6% for EW1δ18O, and 5.5± 3.0% for LW δ18O.  
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Figure A2 2. Photograph showing the intra-annual sample components of EW1 and LW in 
annual rings of P. ponderosa (Image prepared by Kiyomi Morino, University of Arizona). 

 

 The ratios of 13C/12C were measured from the CO2 produced during α-cellulose 

combustion in a high-temperature conversion elemental analyzer coupled with a Thermo 

Delta Isotope Ratio Mass Spectrometer (TC/EA–IRMS) in the Environmental Isotope 

Laboratory of the Department of Geosciences at the University of Arizona. The 18O/16O 

ratios were measured on the CO produced by α-cellulose pyrolysis (Saurer et al., 1998) in 

a TC/EA–IRMS at the Stable Isotope Ratio Facility for Environmental Research at the 

University of Utah (SIRFER, http://sirfer.utah.edu). Isotope ratios are expressed in delta 

(δ) notation relative to the δ13C VPDB (‰) and δ18O VSMOW (‰). The δ13C sample 

accuracy is ± 0.09 ‰ (standard deviation calculated from the average difference between 

measured internal standards, n = 397) and the δ18O sample accuracy is ± 0.23 ‰ (n = 570).  

Each δ13C chronology was corrected for the 13C “Suess effect” introduced by long-term 

trends in the stable carbon isotopic composition in the atmospheric CO2 (Suess, 1955; Field 

et al., 1995; Francey et al., 1999; McCarroll et al., 2009). δ13C chronologies were also 

corrected to the pre-industrial CO2 concentrations. This correction takes into consideration 
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the increasing atmospheric CO2 concentrations resulting in a physiological response 

detected on the δ13C of the organic matter (Gagen et al., 2007) (Figure A2 S2). 

 

4.   Coupled isotope fractionation-climate model of δ18O.  

We used a forward modeling approach to predict the oxygen isotope ratios of cellulose 

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

inputs: the isotopic composition of the source water and atmospheric VPD that will 

determine the evaporative enrichment in 18O at the leaf level. The predicted oxygen isotope 

ratio in cellulose (δ18Ocel) is determined as follows (Barbour et al., 2004): 

𝛿CF𝑂.JI = 	  𝑓>	   𝛿CF𝑂ca + 𝜀. + 1 − 𝑓>	   (𝛿CF𝑂Ic + 𝜀.),    (1) 

where 𝛿CF𝑂ca is the isotopic composition of the xylem water (source water), 𝛿CF𝑂Ic is the 

isotopic composition of the water in the leaf, e+, is a fractionation constant (27‰) between 

water and organic material (Sternberg & DeNiro, 1983), and f0 is the fraction of oxygen 

atoms exchanged between phloem-transported photosynthate and xylem water (source 

water) during cellulose synthesis; in this case we used an f0 =0.5 due to the aridity of the 

study region (Cheesman & Cernusak, 2016). The 18O/16O of tree-ring cellulose can also be 

defined in terms of leaf water 18O enrichment above the source water composition 

(Farquhar and Lloyd 1993); this allows for the expression of leaf evaporative enrichment 

independently from source-water variations (Barbour et al., 2004). This form of the 18O/16O 

ratio is written as 𝛥CF𝑂.JI and is defined as (Barbour and Farquhar 2000): 

𝛥CF𝑂.JI = 𝛥CF𝑂Ic 1 − 𝑃Ja + 𝜀. ,      (2) 
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where the Pex is the proportion of exchangeable oxygen in cellulose formed from sucrose 

(Pex=f0). To estimate the influence of climate on leaf water enrichment we used site-

specific climate data from the PRISM dataset (PRISM Climate group, 2004). We estimated 

the 𝛥CF𝑂Ic  following the Craig Gordon model (See Supplementary Methods). 

We made a simplifying assumption that the xylem water 𝛿CF𝑂ca is equal to the monthly 

mean 𝛿CF𝑂 of precipitation for each site	  (𝛿CF𝑂�). The 𝛿CF𝑂� was computed with the 

Isotopes-incorporated Global Spectral Model (IsoGSM) (Yoshimura et al., 2008), using 

data at monthly resolution from 1979 to present. For each site, we estimated 𝛿CF𝑂� from 

the IsoGSM field using the coordinates from each of our field sites. 

We ran the model for δ18Ocel and Δ18Ocel at a monthly resolution and then calculated 

three-month means corresponding to the spring months of April, May and June (AMJ) and 

the summer months of July, August and September (JAS). These months correspond 

generally, and respectively, to the period of snow melt and transition from spring to 

summer, and the period after the early-summer hyper-arid season, when the annual 

northward migration of summer moisture associated with the NAM influences the climate 

of our study sites. Modeled isotope ratios were compared with observed measurements of 

δ18O in EW1 and LW using two different approaches: 1) The comparison of the temporal 

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

δ18Ocel and Δ18Ocel, and 2) Comparison of the isotopic mean annual difference between 

EW1 and LW for measured and modeled δ18O (Figure 6). 
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5.   Statistical analysis 

We used the cross-correlation function (CCF) analysis (Jenkins & Watts, 1968) to assess 

the lagged dependence of LW isotope ratio on EW1 isotope ratio. The CCF is the 

correlation between the two time series as a function of number of years of offset: 

 𝑥M	  𝑤𝑖𝑡ℎ	  𝑦M|R	  , 𝑖 = −10: 10, 𝑤ℎ𝑒𝑛	  	  𝑥M	  𝑖𝑠	  𝐿𝑊	  𝑎𝑛𝑑	  𝑦M|R	  𝑖𝑠	  𝐸𝑊1	  𝑖𝑛	  𝑦𝑒𝑎𝑟	  	  M  

 (3) 

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

(years) from -10 to 10. For each lagged step, the Pearson correlation coefficient was 

computed to assess cross-correlation between EW1 and LW. Negative lags were used to 

explore the LW dependence on past EW1 and positive lags were used to explore the LW 

influence on future EW1. The CCF with a parameterized lag of i=0 tests for a concurrent 

(same growing season) relationship between EW1 and LW. We note that uncertainty in the 

CCF is amplified when the individual series are autocorrelated (Yamaguchi, 1986). To 

circumvent this source of uncertainty we also examined the CCF after removing 

autocorrelation (pre-whitening) from the individual chronologies with a 10th order 

autoregressive model (AR(10) model). After exploring the CCF’s we selected all 

chronologies that had a significant EW1-LW relationship and proceeded to estimate the 

Adjusted-LW index (LWadj); computed as in previous studies and defined from the 

residuals of a linear regression between LW and EW1 chronologies (Meko & Baisan, 2001; 

Stahle et al., 2009; Griffin et al., 2011). 

 To test the effect of the linear regression between LW and EW1, we compared both 

sets of chronologies with and without adjustment, (LWadj and LW) and regressed each 
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against atmospheric VPD for AMJ and JAS. Climate data were obtained at 4 km2 spatial 

resolution, and mean VPD was calculated using dew point temperature (PRISM Climate 

group, 2004). 

Results: 

1.   Temporal dependencies 

Most of the EW1 and LW chronologies of δ13C and about half of the chronologies of δ18O 

are significantly autocorrelated (Figure A2 3). Significant autocorrelation often extends to 

lag 2, meaning that the current year’s departure from the mean depends on the departure in 

the previous two years. At some sites δ13C EW1 is significantly autocorrelated to a lag of 

more than 4 years (SLS, KPP, MVP, BRY and RCP), and δ13C LW is significantly 

autocorrelated for more than 2 years (WCP, SLS, SAP, SPP and MVP). Autocorrelation of 

δ18O in EW1 and LW at some sites 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 δ18O EW1 and LW 

chronologies, the northern-most sites, in general, did not show significant autocorrelation 

(Figure A2 3). 

The relationships among EW1t+0 and LW t+0 chronologies (lag 0) are statistically 

significant for most sites. The cross-correlation functions (CCF) of all chronologies suggest 

that the composite proxies (lags) used in EW1 and LW share a sizeable proportion of the 

autocorrelation; significant relationships at positive and negative lags occur when LW is 
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correlated with EW1t+i. The results shown in Figure 3 support our original hypothesis that 

common influences are revealed in the isotope ratios of both EW1and LW, and they 

confirm the need to test LW-EW1relationships without red noise (i.e. after extracting the 

autocorrelation from each chronology). After applying an autorregresive model of order 

10, the residual chronologies called EW1(AR10) and LW(AR10) were used to clarify the 

lagged relationships that are independent of shared autocorrelation. 

After removal of the autocorrelation in each chronology, the relationship between δ13C 

EW1t+0 and LW t+0 remained significant for most sites, except for LMP and SAP. The 

lagged relationship in SLS, GHP, SPP, KPP, and MFP showed a significant positive 

relationship between LW and EW1t+1, where LW had some statistical influence on EW1 

of the following year. In contrast, the d18O CCF results showed a significant positive 

relationship between LW and EW1 of the same year only in some sites SPP, LMP, BRY, 

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

MVP, and BRY showed significant correlations. When we used a lag of 2 years, some the 

most southerly sites (SLS and SAP) showed significant correlations between LW and 

EW1t+2.  
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Figure A2 3. 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 chronologies prewhitened with AR(10) models g) CCF 
δ18O using the standard chronologies, h) CCF δ18O using the chronologies prewhitened 
with AR(10) models. 
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2.   Spatial patterns of EW1-LW connections.  

The correlation between LWt+0 and EW1t+0 was significant for most of the d13C 

chronologies, with the exceptions of LMP and SAP (Figure A2 3 and A2 4 a, b). However, 

we observed a distinct latitudinal pattern whereby sites in the northerly part of the NAM 

domain showed a higher EW1-LW dependence, compared with southern sites. For most of 

the d18O chronologies, LW t+0 and EW1 t+0 were independent and no distinct spatial pattern 

in the EW1-LW dependence was observed (Figure A2 4c). When we analyzed the residual 

chronologies after the auto-regressive modeling we observed a small reduction on the 

correlation values but no change in the general spatial pattern of the EW1-LW dependence 

of the δ13C AR10 chronologies. However, the EW1-LW dependence of d18O AR10 

chronologies showed a cluster of sites in the southern region where EW1 and LW were 

statistically independent (Figure A2 4d). 

Because the dependence between EW1 and LW was statistically significant for 

most of the sites, even after removing the autocorrelation (especially for δ13C; see Figure 

4), we used linear regressions between the isotope ratio chronologies in EW1 and LW to 

obtain the residual chronologies (LWadj) (Meko & Baisan, 2001; Griffin et al., 2011). These 

residuals (LWadj) are therefore independent from the influence of antecedent EW1. LWadj 

chronologies were compared with the original LW chronologies through correlation 

analysis with seasonal VPD for AMJ and JAS (Figure A2 5). The variability of LW 

chronologies showed significant correlations with spring and summer VPD variability, as 

also reported in Szejner et al (2016), whereas most of the LWadj chronologies have 

significant correlations only with summer VPD (Figure 5). 
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Figure A2 4. Effect of prewhitening on between-season correlation of stable-isotope ratios 
in sub-annual 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 left maps (a, c) and the AR(10) prewhitened  chronologies  (b, d). The top row of maps 
is for δ13C and the bottom row is for d18O. 
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Figure A2 5. Effect of LW adjustment on the correlation of LW isotope ratios with VPD 
in spring (AMJ) and summer (JAS). Top panels show results for δ13C and bottom panels 
show results for d18O. Left panels are without adjustment of latewood and right panels are 
with adjustment. Correlation and season of climate data size-coded and color-coded are 
according to the key shown on the left. Only significant (p < 0.01) correlations are coded.  

3.   Coupled isotope fractionation-climate model of δ18O. 

The EW1 d18O was more enriched than the LW d18O in the southern sites with the 

difference decreasing gradually towards the northern sites (Figure A2 6). These patterns 

were adequately reproduced using forward modeling (Figure A2 6). When comparing our 

observations and modeled outputs (Figure 6b) we found an r2 =0.67. The slope of the linear 

regression between the measured and modeled EW-LW difference revealed an 

overestimation on the difference between EW1 and LW; mainly for the southern sites 
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where the modeled difference was larger. Additionally, the PC1 from the modeled spring 

cellulose (i.e., d18Ocel), did not correlate with observed EW1 d18O (Figure A2 6e). 

However, the PC1 from the modeled values of ∆18Ocell for spring cellulose showed 

significant correlations with the PC1 from EW1 d18O (Figure A2 6c). In contrast, the PC1 

from both models — d18Ocel and ∆18Ocel —corresponding to summer growth, are 

significantly correlated with the PC1 from LWadj d18O (Figure A2 6 d, f). This latter result 

showed that a significant percentage of the variance was best explained by evaporative 

enrichment, and another percentage of the variance was most likely explained by the 

exchange of 18O and 16O between sucrose and non-fractionated source water in the xylem 

(Sternberg & DeNiro, 1983). 

Discussion 

An improved understanding of the multiple influences on tree-ring δ13C and δ18O from 

EW and LW is crucial if we hope to infer tree water use and carbon assimilation patterns 

through sub-annual dendrochronological inference (Levesque et al., 2017). Our aim in 

conducting this study was to determine interactions between seasonal and interannual lags 

along a climate gradient as influences on δ13C and δ18O in the EW1 and LW tissues within 

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

southwestern US, we documented differences in the autocorrelation structures and 

presence of seasonal and interannual lags across the region, influenced annually by the 

North American Monsoon climate system.  
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Figure A2 6. Consistency of the observed difference of δ18O ratio 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 and dashed lines is the least square regression between observed 
and modelled δ18O EW1-LW differences. (c) z-score time plots of the EW1 observed δ18O 
and the EW1 modeled ∆18Ocel. (r=0.56). (d) z-score plots of the observed LWadj δ18O and 
the modeled LW ∆18Ocel (r=0.41). (e-f) z-score time plots of the observed versus modeled 
δ18O for EW1 (r=0.07) and LWadj (r=0.61). 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 modelled and observed isotopes are reported in each plot. 
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We used the auto-correlation function (ACF) and cross-correlation function (CCF) to 

assess the statistical dependence between EW1 and LW on the chronologies of δ13C and 

δ18O. ACF and CCF are routinely used in time series analysis to detect and remove 

temporal persistence on the basis of autoregressive modeling (Holmes, 1992; Bunn, 2008). 

Persistence is when a temporal system remains in the same departure sign from more than 

one observation. Also known as red noise, persistence refers to a time series that is 

positively autocorrelated, retaining a large proportion of the variance in the low-frequency 

domain (Yamaguchi, 1986; Bloomfield, 2000; Ghil et al., 2002). The low-frequency 

autocorrelation in tree-ring time series can result from long-term climatic variations, age 

effects and systemic disturbances (LaMarche, 1974; Lorimer, 1989; Cook et al., 1997). In 

our study, ACF and CCF revealed a general positive autocorrelation structure, particularly 

in δ13C chronologies. For some sites (WCP and RCP) the high autocorrelation order (Figure 

A2 3) likely reflected temporal trends associated with prolonged droughts or a strong AR1 

(Figure S2, S3), which have impacted this part of the US for the last few decades (Breshears 

et al., 2005; Williams et al., 2012). The autocorrelation structure was obvious in trees from 

multiple sites across the NAM climate gradient. Our discovery of a clear and general 

autocorrelation in the δ13C of EW1 and LW suggests that the common seasonal low-

frequency component of the climate signal (Carrillo et al., 2015) is detected in the intrinsic 

water-use efficiency expressed during the respective spring and summer seasons of active 

carbon assimilation. These conclusions are similar to those derived in previous studies 

using ring width chronologies (Griffin et al., 2013; Carrillo et al., 2015). The low-

frequency variability in δ13C in both EW1 and LW was also detected with the CCF, 
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showing significant positive correlations from negative to positive lags LWt-1, EW1t, LWt, 

and EW1t+1 (Figure A2 3). 

After filtering the annual autocorrelation on EW1 and LW, the dependence of LW on 

EW1 decreased, but we continued to observe significant inter-seasonal correlation between 

the two tree-ring sections (Figure A2 7). These lasting inter-seasonal connections might 

reflect higher-frequency effects, such as the common utilization of stored carbohydrate 

pools or stored soil water pools within the same year, thus introducing inter-seasonal lags 

in the influence of climate on intrinsic water-use efficiency, stomatal conductance and 

carbon assimilation rate (Helle & Schleser, 2004; Kress et al., 2009; Vaganov et al., 2009; 

Leavitt, 2010; Kimak & Leuenberger, 2015; Labotka et al., 2016; Sargeant & Singer, 

2016). The linear regression between EW1 and LW was effective in distinguishing sites 

that show seasonal dependence. This finding was clearly seen in the fact that the variance 

of the uncorrected δ13C LW chronologies showed a significant signal from the combined 

influences of both spring and summer VPD, whereas the variance of the corrected δ13C 

LWadj chronologies excluded the spring VPD signal and retained only summer-related 

variability, especially in the southern sites (Figure A2 5). 

Inter-seasonal influences between winter and summer precipitation regimes can 

theoretically be caused by large-scale climate trends and teleconnections, which could also 

cause autocorrelation in EW1 and LW isotope chronologies. Taking the case for d13C as 

an example, climatically-induced positive autocorrelation between EW1 and LW would 

require variations in winter and summer precipitation and VPD regimes that are positively 

correlated at specific sites (Figure A2 7). That is, for positive climatically-induced 
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correlation across the time series, dry springs would be followed by dry summers, both of 

which would be correlated with higher d13Ccel. However, past studies, if they report the 

existence of autocorrelation in successive-season precipitation patterns, have reported 

negative, not positive, correlations (Kim et al., 2002; Grimm et al., 2007). As a specific 

example, Castro et al. (2001, 2007) showed that during cool phases of El Niño Southern 

Oscillation (ENSO) and the Pacific Decadal Variability (PDV), winter precipitation in the 

western US is generally below average, but the subtropical ridge is displaced further north 

than usual during the early summer, causing earlier and stronger monsoon activity in the 

arid southwestern US. Bieda et al. (2009) supported these results, showing that cooler sea 

surface temperature (SST) in the eastern Pacific, again associated with dry winter 

precipitation anomalies in the southwestern US, favor more frequent occurrence and 

northward tracking of summertime upper-level disturbances that cause more frequent-than-

normal bursts of summer monsoon rainfall. 

In a further example, a study by Gutzler & Preston (1997) showed that an increase in 

surface albedo in montane ecosystems  due to deeper and longer-lasting snowpacks, have 

the potential to slow regional surface warming, especially in montane ecosystems, delaying 

the onset and weakening the intensity of the subsequent summertime NAM. The antecedent 

connections between spring and summer precipitation in the southwestern US were shown 

by Grantz et al. (2007) to be caused, in part, by anomalously high rates of latent heat 

exchange during anomalously wet springs, delaying regional surface warming, reducing 

rates of sensible heat exchange, and weakening the land-sea surface temperature contrast 

that drives the NAM. Cook & Seager (2013) have hypothesized that increasing temperature 
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of the atmosphere, caused by greenhouse-gas accumulation could also be increasing 

vertical stability in the lower troposphere and reducing the availability of surface moisture 

during the spring, causing reduced precipitation during the early monsoon season. 

 

Figure A2 7. Inter-season correlations of VPD (1960-2012) and inter-seasonal 
relationships of sub-annual 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 inter-season (EW1 vs LW) 
correlation of δ13C. Circles in the right maps (b, d) code the inter-season 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.  

 

As a contrast to these past studies, Griffin et al. (2013) reconstructed almost 500 years 

of cool- and warm-season standardized precipitation index (SPI) from EW and LW ring 
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widths and found that the previously-reported antecedent negative correlations are not 

reliable when considered across longer centennial time spans, especially in the core of the 

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

observational data, supported by modeling, suggest that over that past ca. 100 years wet 

(dry) winters can be followed by dry (wet) monsoons, and this negative correlation may be 

caused by temporal and spatial connections involving mountain snowpack albedo, remote 

Pacific Ocean SST and Green House Gases (GHG) forcing. The existence of a negative 

correlation in the seasonal precipitation of winter versus summer would work in the 

opposite direction to that required for explaining the general and positive intra-annual 

autocorrelation in the isotope signals of EW1 and LW in our analysis. There are, however, 

some nuanced exceptions in these seasonal weather (VPD) relationships, depending on 

specific season and geographic regions (Figure A2 7).  

We observed a clear increasing trend of seasonal autocorrelation in the δ13C in EW1 

and LW from south to north, following the gradient of decreasing summer monsoon 

influence (Figure A2 7). In the southernmost sites, which are characterized by distinct 

seasonality related to the NAM, we observed less dependence of LW δ13C on EW1, than 

in the northernmost sites. This spatial trend was evident even after removal of the 

autocorrelation (Figure 4c and f), indicating the presence of intra-annual, differential winter 

and summer influences between the EW1 and LW isotope signals. These patterns were less 

obvious for δ18O. It is not clear why significant intra-annual correlations are less frequently 

observed in δ18O of EW1 and LW, compared to δ13C. It is possible that the influence of 

common use of stored carbohydrates on δ13C, and the potential for secondary isotope 
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exchanges with non-fractionated xylem water for δ18O during xylogenesis, explains the 

contrasting patterns for δ13C and δ18O; both processes would potentially decrease 

distinctions in d18O between EW and LW. It is also possible that the mixing of precipitation 

from different seasons into a common soil source water pool, could enhance the cross-

season dependencies between EW and LW δ18O. Therefore, further studies are required to 

resolve these issues (Gessler et al., 2014; Belmecheri et al in prep). 

Once the autocorrelation was removed from the intra-seasonal components of the time 

series, we accurately assessed the influences of summer precipitation, and associated 

reduced VPD, directly on the isotopic composition of the LWadj. As previously reported, 

there are clear differential influences of summer climate on the LW (Labotka et al., 2016; 

Sargeant & Singer, 2016) and in this study area particularly VPD has a strong contribution 

to LW cellulose isotope ratios (Szejner et al., 2016; Kerhoulas et al., 2017). Now, we have 

deployed a mechanistic model (Roden et al., 2000; Barbour et al., 2004) to better inform 

us of the causes of these relations. Using the model, we documented significant 

relationships between our observations of δ18O EW1 and the modeled results of Δ18Ocel for 

spring (Figure A2 6). The modeled Δ18Ocel values account only for evaporative 

fractionation of leaf water and secondary exchanges between fractionated leaf water and 

non-fractionated xylem water (Barbour et al., 2004). The modeled EW1 δ18Ocel values, 

however, include these influences plus the seasonally-varying source water fraction that is 

a source for 18O/16O exchanges during cellulose synthesis (Pex) (Offermann et al., 2011; 

Gessler et al., 2014; Cheesman & Cernusak, 2016). These results suggest that the more 

important determinant of variance in the observed δ18O of EW1 across the geographic 
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gradient is VPD and the associated evaporative fractionation effect, rather than the isotopic 

composition of the source water. In applying this same modeling approach to explain the 

observed δ18O values of LW, we found that both modeled δ18Ocel and Δ18Ocel, show 

significant relationships with observed LWadj δ18O (Figure  A2 6). This pattern in the LW 

δ18O, different from our observations in EW1δ18O, suggests that the reduction of the 

evaporative enrichment effect lowers the δ18O values and therefore the variability from the 

source water — seasonal δ18O or Pex variations (Belmecheri et al., in prep) — will 

contribute significantly to the overall variance in the observed δ18O of cellulose.  

In conclusion, our objective was to understand the independent influences of winter 

and summer precipitation on tree-ring isotope observations, and through this knowledge, 

understand climate influences on coupling between the carbon and water cycle processes 

in montane forests within the spatial domain of the NAM. Our studies have shown 

significant autocorrelation and cross-dependence of δ13C signals, and less obvious, but still 

important, cross-season influences on δ18O signals, in the earlywood and latewood within 

individual tree rings. The magnitude of these confounding influences varies 

geographically, as evidenced in our observations across a prominent gradient in the 

contribution of summer precipitation to upper soil moisture layers. The existence of 

autocorrelation is itself informative as to the effect of seasonal and multi-year lags on 

isotopic variance. Once the autocorrelation was identified, we could implement a statistical 

correction to account for confounding effects in our search for isotope-climate-physiology 

linkages. The value of this correction is seen in our observations of the variance in δ13C 

LW chronologies, which contained the autocorrelation and showed a significant signal 
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from the combined influences of spring and summer VPD. After correction for the seasonal 

dependence, the variance of the δ13C LWadj chronologies excluded correlation with the 

spring VPD signal and retained only variance explained by summer-related variability 

(Figure A2  5).  

We hypothesize that the statistical dependence between EW1 and LW of P. ponderosa 

chronologies in the case of δ13C is most likely caused by a pool of shared carbohydrates. 

In the case of δ18O, seasonal dependence is not as frequently observed, but where it occurs 

it is potentially the result of a common deeper-layer soil water source and similar winter 

and summer VPD regimes, perhaps enhanced by the reduced availability of seasonally-

distinct upper-layer summer moisture. The positive autocorrelation in the isotope ratios of 

EW1 and LW do not appear to be explained by positively correlated seasonal climate 

regimes. Based on studies of antecedent seasonal climate effects that have been conducted 

to date, we would expect negative autocorrelation across seasons. However, positive 

correlations in seasonal climate regime may explain the positive correlations between EW1 

and LW in some of the more northerly sites (Figure A2 7).  

We used a process-based model of coupling between climate and δ18O fractionation to 

examine the causes of the intra-annual differences in isotope composition and variability 

between EW1 and LW. One of the striking patterns that we observed previously (Labotka 

et al., 2016; Sargeant & Singer, 2016; Szejner et al., 2016; Kerhoulas et al., 2017) and that 

persisted in this study, is the highly enriched δ18O values in EW1 relative to LW, and the 

geographic dependence of that difference (Figure A2 6). In the southernmost sites, the EW1 

section was more enriched in 18O, compared to the LW. It was hypothesized in Szejner et 
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al. (2016) that the decrease in VPD related to the summer onset of the NAM has a larger 

effect on evaporative enrichment of 18O than previously appreciated. In this study, we 

explicitly tested this hypothesis through forward modeling. Model predictions of the δ18O 

of cellulose supported higher enrichment in the isotopic composition of EW1 compared to 

LW. Model results also revealed the dominant role of VPD and much less significant role 

of source water isotope ratio in determining differences between the δ18O of EW1. In 

contrast, both VPD and source water had significant influences on the δ18O of LWadj across 

the geographic gradient.  

Our results show that it is possible to disentangle isotope ratio source mixing across 

intra-annual portions of tree rings. This capacity allows us to gain insight into the 

phenology and lags associated with carbon assimilation, allocation to wood production and 

utilization of winter versus summer precipitation. This insight should be especially useful 

in exploration of past NAM shifts and of past patterns of climate variability that influence 

the coupling between carbon and water cycling in montane forests of the semi-arid regions.  
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Supplement material 

1.   Mechanistic  model for δ18O and Δ18O in cellulose 

Here we describe the main mechanistic model that predicts the oxygen isotope ratios in 

cellulose (Roden et al., 2000; Barbour et al., 2004). The expected oxygen isotope ratio in 

cellulose (𝛿CF𝑂.JI) is dependent on two main variables: the isotopic composition of the 

source water in the xylem and the vapor pressure deficit (VPD) which will determine the 

amount of evaporative enrichment at the leaf level (Flanagan et al., 1991). 

𝛿CF𝑂.JI = 	  𝑃Ja	   𝛿CF𝑂ca + 𝜀. + 1 − 𝑃Ja	   (𝛿CF𝑂Ic + 𝜀.)    (1) 

 

Where 𝛿CF𝑂ca, is the isotopic composition of the xylem water; 𝛿CF𝑂Ic, is the isotopic 

composition of the water at the leaf level; e+, is the fractionation constant of 27‰  between 

water and organic material (Sternberg & DeNiro, 1983). The 𝛿CF𝑂.JI is related also to the 

𝑃Ja that is the fraction of exchangeable unenriched xylem water at the site of cellulose 

biosynthesis, which we will assume is a constant value despite some studies suggesting 

that it can vary from 0.8 to 0.2 (Offermann et al., 2011) and can be dependent on aridity 

(Cheesman & Cernusak, 2016) and seasonality (Gessler et al., 2009 and Belmecheri et al 

2017 (in prep)).   

 

However, to assess only the influence of the VPD without taking in consideration the 

variations induced by the isotopic composition of the xylem water (Barbour et al., 2004), 
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it is possible to estimate the cellulose enrichment above the source water 𝛥CF𝑂.JI, and the 

leaf water enrichment 𝛥CF𝑂Ic (Barbour and Fraquhar 2000). 

 

𝛥CF𝑂.JI = 𝛥CF𝑂Ic 1 − 𝑃Ja + 𝜀.     (2) 

 

2.   Leaf water 18O enrichment model. 

To run the models (equations 1 and 2), first we need to estimate the leaf water 18O 

enrichment (𝛿CF𝑂Ic). This model is based on the open water surface model developed by 

Craig and Gordon (1965) and adapted to plants to include the leaf-boundary conditions and 

stomatal diffusion (Dogmann et al. 1974, Flanagan et al. 1991) where ( 𝑒K/𝑒R) is ambient 

to intercellular vapor mole fraction where 	  𝑒R  is assumed to be saturated, and the isotopic 

leaf water enrichment 18O at steady states can be expressed in δ18O terms (Farquhar et al. 

1989): 

         𝛿CF𝑂Ic = 𝛿'	   + 𝜀e + 𝜀∗ + 𝛿CF𝑂f − 𝛿CF𝑂ca − 𝜀e
Jg
Jh

                          (3) 

 

Where, δ (i.e. 𝛿 = 𝑅NJK'jkJ 𝑅\[lmno − 1 ∗ 1000)) is the oxygen isotopic 

composition (relative to V-SMOW = 0.0020052) of the water at evaporating site (𝛿CF𝑂Ic) 

that is dependent on the source water (𝛿CF𝑂ca) and atmospheric vapor (𝛿CF𝑂f). The e*
 (‰) 

describes the equilibrium fractionation associated with the gradient between liquid water 

to vapor, and is dependent on temperature (T) in Kelvin (Majoube, 1971).  
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𝜀∗ = 𝑒𝑥𝑝 CCHs
t=

− >.uCEv
t

− 0.0020667 − 1 ∗ 1000    (4) 

 

ek (‰) is the fractionation associated with phase change as water diffuses through stomata 

and boundary layer (Farquhar et al. 1989, Farquhar et al., 2007), where in equation (5) 𝑔' 

and 𝑔z are stomatal and leaf boundary conductance, respectively. Note that the 28.5 and 

19 values in Eq. 5 are kinetic fractionation factors associated with diffusion through the 

stomatal resistance and boundary layer (28.5 = (1.0285 - 1) * 1000, and 19 = (1.0285(2/3) - 

1) * 1000). 

                                    𝜀e =
0F.EAB{X|C}A~

{X

AB{X|A~
{X       (5) 

 

Moreover, equation 3 (𝛿CF𝑂Ic) can be derived in terms of leaf water enrichment above the 

source water (Farquhar and Lloyd 1993)  to allow for the leaf evaporative enrichment to 

be studied independently from source water variations (Barbour et al., 2004). Where 

	  𝛥CF𝑂f is the isotopic composition of atmospheric vapor above the source water. 

𝛥CF𝑂Ic = 𝜀∗ + 𝜀e + 𝛥CF𝑂f − 𝜀e
Jg
Jh

          (6) 

 

3.   Input data and parametrization. 

We must consider some assumptions on the input data and parametrization to run the 

models. Because of the time span, number of chronologies and the lack of in-situ 

measurements like monthly xylem water, leaf and ambient temperatures and relative 
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humidity, we had to rely on external data sources.  We use large temporal and spatial 

datasets available for the region to obtain a close site-level estimate of temperature, dew 

point and isotopic composition of the precipitation at a monthly resolution. First, the 

maximum, minimum and dew point temperatures were obtained from PRISM datasets 

(PRISM_Climate_group, 2004). For each site, we extracted the average monthly 

temperatures for an area of 4 km2 using the coordinates of each site as the center of each 

area. Secondly, we estimate the values for the xylem water assuming that the xylem water 

𝛿CF𝑂ca is similar to the monthly mean 𝛿CF𝑂� of precipitation for each site.  The continuous 

monthly  𝛿CF𝑂� data from 1979 to present for each site	  was obtained using the Isotopes-

incorporated Global Spectral Model (IsoGSM) (Yoshimura et al 2008). This data set was 

compared with some discontinuous 𝛿CF𝑂 measurements of precipitation for the region 

(Friedman et al., 2002; Gustafson et al., 2010; Eastoe & Dettman, 2016; “Waterisotopes 

Database. http://waterisotopes.org. Accessed 07/05/2017. Query: Lat= 40o,32o, long=-

115,-105 , Type=Precipitation.,” 2017) along the latitudinal gradient, thus validating the 

overall distribution of the modeled precipitation isotopic values (Figure S1). 
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Figure A2-S 1. Comparison between 𝛿CF𝑂 in precipitation, measured and modeled 
(Yoshimura et al., 2008). Horizontal red lines represent mean and confidence intervals 
from the modeled data for sites at different latitudes, and the black dots are the daily and 
discontinuous precipitation measurements.  

 

Another assumption needs to be made to calculate the isotopic content of the atmospheric 

water vapor (𝛿CF𝑂f). For example, at steady state 𝛿CF𝑂f is calculated with respect to source 

water, showing a lower value than the source value because of the equilibrium isotope 

effect between liquid to vapor (𝜀∗)	  (Eq. 7). 

𝛿CF𝑂f = 𝛿CF𝑂' − 𝜀∗	        (7) 

and,  



 

	   143	  

𝛥CF𝑂f =
��{����∗(C|�XZn�/C>>>)
��{����∗(C|�XZnB/C>>>)

− 1 ∗ 1000     (8) 

 

Equation (9) shows the function that estimates the stomatal conductance 𝑔' (mol m-2 s-1) 

that depends on vapor pressure deficit (VPD) in kPa, (r2 = 0.84) calculated using McDowell 

et al., (2008): 

𝑔' = 283.2𝑒([C.CE∗\]^) ÷ 1000    (9) 

 

Eq. 10 Transpiration E (mol m-2 s-1) is estimated using: 

𝐸 = (𝑤R − 𝑤K) ∗ 	  𝑔     (10) 

where w is the mole fraction of water vapor and the subscripts i and a are inter-cellular air 

spaces and bulk air respectively. 𝑔 (mol m-2 s-1) Eq. (11) is total leaf conductance to water 

vapor where br is boundary layer conductance to water vapor and is assumed to be 1 mol 

m-2 s-1. 

𝑔 = C
X
�B
| X
~�

	       (11) 
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4.   Stable isotope chronologies. 

  

Figure A2-S 2. Tree-ring stable isotope network of δ13C. The blue lines represent the 
earlywood chronologies and yellow lines represent latewood chronologies. Dotted time 
series carbon isotope values without Suess and PIN correction (i.e. Reduction of the 
atmospheric 13C  abundance due to fossil fuel combustion and isotopic effect of increasing 
CO2 concentrations (Gagen et al., 2007)). 
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Figure A2-S 3. Tree-ring stable isotope network of δ18O. The blue lines represent the 
earlywood chronologies and yellow lines represent latewood chronologies. 
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Appendix 3. 

INCREASING DROUGHT FREQUENCY CAUSES MULTI-YEAR 

LEGACIES IN SEMI-ARID FORESTS 
 

Target: Nature Climate Change Letters 

 

Recent analyses of the time of recovery of forests after extreme droughts have 

indicated the potential for multi-year legacy effects, particularly in semi-arid pine 

forest ecosystems (Anderegg et al., 2015; Peltier et al., 2016; Schwalm et al., 2017). 

The understanding of the cause and magnitude of legacy effects is crucial to an 

accurate prediction of ecosystem-atmosphere carbon and water exchanges and yet 

this remains poorly understood (Mekonnen et al., 2017). Here, we describe a multi-

decadal study of tree-ring carbon isotope chronologies in the southwestern U.S., 

which revealed the cause of previously observed drought legacies. The previously 

described legacies, derived from tree-ring isotope chronologies, were due to an 

increase in the frequency of extreme droughts accompanied by an increase in tree 

sensitivity to drought during the past two decades. The recent increase in drought 

frequency has skewed previous interpretations toward hypothesized averaged 

legacies that last up to 5 years, which are ascribed to physiological processes. Our 

results however, reveal that it is recent changes in the climate system that cause the 

multi-year nature of the previously-observed legacies. When recent climate shifts 
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(Prein et al., 2016) are removed from the tree-ring isotope data, the physiological 

recovery time after extreme droughts averaged only one year for forests in thirteen 

different sites and across a 53-year time series.  

 

While trends in the frequency, intensity and areal coverage of extreme droughts over the 

past century are uncertain (Dai et al., 2004; Huntington, 2006; Sheffield et al., 2012; Dai, 

2013; Trenberth et al., 2014; Prein et al., 2016), there is clear evidence that continued 

climate warming will most likely cause increased drought, especially in semi-arid and arid 

regions (Cook et al., 2015; Touma et al., 2015). This expected change will compromise 

the capacity of global ecosystems to sequester carbon from the atmosphere (Anderegg et 

al., 2015; Mekonnen et al., 2017; Schwalm et al., 2017) and will enhance positive climate 

feedbacks leading to even greater warming (Stark et al., 2016). Regional changes in 

precipitation patterns and atmospheric vapor demand are expected to be biased from past 

history, causing drier regions to get drier and wetter regions to get wetter, posing an 

extrinsic threat to already vulnerable water-limited forest ecosystems (Williams et al., 

2012; Trenberth et al., 2014; Ficklin & Novick, 2017). These projections indicate that the 

southwestern United States (hereafter SW) will likely experience more frequent and hotter 

droughts (Seager et al., 2013; Ault et al., 2016; Prein et al., 2016), which have been linked 

to structural changes in forested ecosystems and mass mortality of trees (Allen et al., 2015; 

McDowell et al., 2015). Uncertainties in the magnitude and frequency of droughts and 

associated forest responses will challenge our capability to accurately track changes in the 

global carbon cycle (Poulter et al., 2014; Biederman et al., 2017).  
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 Recently, a research focus has emerged that notes persistent, multi-year influences of 

extreme droughts on forest tree growth — so-called drought legacy effects (Reichstein et 

al., 2013; Anderegg et al., 2015; Ogle et al., 2015; Schwalm et al., 2017). Legacy effects 

have not been explicitly considered in terrestrial carbon cycle models, and so there is high 

interest in understanding how frequently forests will be exposed to droughts and the 

potential of legacy mechanisms to reduce forest carbon sequestration. Studies using multi-

decadal tree-ring width indices (RWI) have suggested that the negative impacts of extreme 

droughts on net primary productivity can last up to several years, and that the impacts are 

greatest in semi-arid needleleaf forest ecosystems (Anderegg et al., 2015). The 

combination of drought legacy effects and an increase in the frequency of droughts can 

potentially drive forest ecosystems across physiological tolerance thresholds that result in 

progressive decline of tree vigor, mortality cascades, and the establishment of new 

ecosystem states and functions (Breshears et al., 2005; Allen et al., 2015; McDowell et al., 

2015). In several past studies, the physiological mechanisms that might cause legacy 

effects have been a focus of discussion. For example, physiological effects might reduce 

the availability of non-structural carbohydrate (NSC) reserves that maintain tree growth 

during normal (seasonal) water deficits (Hacke et al., 2001; Adams et al., 2017; Timofeeva 

et al., 2017). Extreme droughts can also damage the functional attributes of trees, such as 

leaf area, xylem conductivity and fine root area, reducing the capacity to transport water to 

achieve a favorable energy balance, acquire nutrients and conduct photosynthetic carbon 

assimilation (Anderegg et al., 2015). Greater knowledge about the occurrence, causes and 

magnitudes of drought legacy effects is crucial to our understanding of the mechanisms of 
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future ecosystem-climate interactions and to our ability to create prognostic models of 

climate-induced feedbacks on ecosystem carbon and water cycles.  

We conducted a study of a seasonally resolved cellulose carbon isotope ratios and 

RWI from semi-arid montane forests in the southwestern US to gain an understanding of 

the causes and patterns of drought legacies over 53 years 1960-2012 (see Methods). The 

study region has the advantage of a latitudinal gradient in the relative abundances of winter 

versus summer precipitation (Supplement Fig. S1), and forests are dominated by the semi-

arid pine species that have been suggested as most vulnerable to drought legacies in North 

America (Anderegg et al. 2015). We studied mid-elevation forests of Pinus ponderosa 

(Douglas ex C. Lawson). Our principal aims were to investigate drought frequency, 

changes in tree sensitivity to drought and the length and cause of drought legacy effects. 

 By combining chronologies from a regional tree-ring network of 13 sites, we 

examined the common temporal δ13C variability recorded in the earlywood (EW) and 

adjusted latewood — independent from cross-correlated seasonal influences of the spring 

(LWadj) — from 1960 to 2012 (Fig. 2, Methods). The first principal component of 

earlywood chronologies (PC1-EW) explains 55% of the common variance (CV). The 

LWadj chronologies show two independent regional components: one in the northwest part 

of the study area, PC1-LWadj explaining 28% of the CV; and the other in the 

south/southeast part of the study area, PC2-LWadj explaining 14% of the CV (see 

Supplementary Material Fig. 2). The linear regression model describing the relation 

between each of the three identified regional chronologies — PC1-EW, PC1-LWadj and 

PC2-LWadj — and their respective seasonal mean atmospheric vapor deficit (VPD) for 
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April, May, June (AMJ) or July, August, September (JAS), respectively, showed that δ13C 

has significant predictive capability as a VPD proxy at the regional scale (Fig. 1). This 

relationship was supported with a sensitivity analysis using process based modeling 

(Farquhar et al., 1989) showing that δ13C variability is mainly driven by a specific 

hydrodynamic component of the physiological response, i.e. variations in stomatal 

conductance, rather than variations in the photosynthetic CO2 assimilation rate 

(Supplementary Material). From these regressions, the δ13C variability explained between 

50 and 70% of seasonal VPD variability in each selected region. In the southern region 

(Fig. 1c-f), mean summer VPD was lower compared to the northern region (Fig. 1b-e), 

while its variance was significantly larger during the spring (AMJ) compared to the 

summer (JAS); highlighting the important role of summer monsoon moisture surges. Time-

dependent variations in mean VPD showed an overall (all sites combined) increasing trend 

with a marked upward shift in recent two decades. Thus, using d13C-based reconstructions 

of VPD, we show evidence of a significant increase in the probability of drought events for 

both spring and summer during the past two decades in the southwestern US. 

Because of the observed positive trend in regional VPD, we can expect the multi-

decadal analysis of the frequency of extreme VPD seasons to be biased by the most recent 

two decades. For spring VPD (reconstructed from PC1-EW), the frequency increased from 

every 6 years during the period 1960-1985 to every 3 years during the 2000s. For summer 

VPD, and particularly in the southern regional mode (reconstructed from PC2-LWadj), the 

frequency increased from every 10 years for the period of 1960-1985 to every 3 years 

during the 2000s. This represents a 70% increase in the frequency of summer drought in 
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the most southern part of the region influenced by the North American Monsoon climate 

system. In the northern regional mode (reconstructed from LWadj), a near-constant 

frequency of summer drought was observed based on reconstructed VPD, at a 5-year return 

interval for the entire period from 1960 to 2012 (Fig. 3). 

The increase in drought frequency from the δ13C-based reconstructions is explained 

by a combination of an increase in interannual VPD variance and the physiological 

sensitivity of d13C to that variance. An increase in physiological sensitivity of the trees to 

droughts was observed after 1985 by an increase in the value of the correlation coefficients 

between VPD and δ13C at most sites, concomitant with an increase in interannual δ13C 

variance (Fig. 3). Thus, a greater fraction of the interannual variance in δ13C of both EW 

and LWadj was explained by variance in seasonal VPD during the period of increased 

drought frequency in most sites. The δ13C LWadj chronologies in the northern sites (KPP, 

MFP, and RCP) are the only sites showing a reduction in the running correlation values. In 

contrast, RWI LWadj correlation to seasonal VPD has been increasing at KPP, MFP, CDT 

and SAP (at the same sites showing no trend or a reduction in correlation), suggesting that 

even those sites with declining signal in the relation between d13C and VPD are starting to 

show an increase in sensitivity to drought (through limiting woody biomass growth). 

Correlations between δ13C LWadj and summer VPD in sites in the southern region of the 

NAMS showed a significant lack of sensitivity to interannual variance in VPD for the 

period before 1985, but a significant increase in sensitivity after the late 1980s. 

Past studies have been unable to discern a clear and sustained upward trend toward 

more frequent droughts in the SW over recent decades due to the amplitude of the 
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hydroclimate variability. However, tree-ring hydroclimate reconstructions have revealed 

that recent droughts in the SW during the 1950s and early 2000s have been drier and hotter 

than those recorded in the past millennium (Touchan et al., 2011). Additionally, flow 

measurements of the Colorado River have averaged 19% below those recorded between 

1906-1999, indicating the worst 1.5-decade drought recorded during the past century 

(Udall & Overpeck, 2017). In general, modeling results have projected increases in the 

frequencies of drought in the SW (Cook & Seager, 2013; Ficklin & Novick, 2017; Pascale 

et al., 2017) and our observations corroborate the increased frequency, in this case detected 

through the tree-ring d13C record indicating that trees in the montane forest ecosystems of 

this region are sensitive to the increasing frequency and variability of drought. To our 

knowledge, our results are the first to show definitively that this climatic shift is coherent 

at the broad SW regional scale, that it has impacted the carbon and water cycles of regional 

forests, and that these relations have been in effect for at least the past twenty years. 

The shift in climate regime and the changes in sensitivity that we observed in the 

reconstructions does not only reflect a sustained single decadal-scale shift toward drought, 

but rather a series of droughts interspersed with wetter years, and occurring at greater 

frequency. This pattern has a direct influence on the observed lengths of drought legacies 

in forests of this region (Fig. 4). Prior to our observations, the conventional interpretation 

of tree-ring diameter-increment records suggested drought legacies that typically last 

several (four-to-five) years (Anderegg et al., 2015; Peltier et al., 2016). These 

interpretations were based on growth responses to what were assumed to be discrete 

climate events. In these past studies, the causes of drought legacies were attributed to 
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stress-induced physiological disruptions to tree function, such as drought-induced leaf or 

needle loss and/or root death, increased embolism of xylem tissue, and availability of stored 

non-structural carbohydrates are the mechanisms (Anderegg et al., 2015; Peltier et al., 

2016; Adams et al., 2017). Our results reveal that the shifts in the climate system are likely 

among the most important causes of the previously observed legacies. 

We applied the Superposed Epoch Analysis (SEA) (see methods) to all seasonal 

chronologies and showed that trees at all sites have above-normal δ13C (higher iWUE) 

during and after extreme dry events (Fig. 4). Similar patterns were observed in the RWI, 

where trees responded negatively (less growth) to key events with extremely high spring 

VPD. The assessment of legacies after extreme droughts was sensitive to different 

detrending methods using d13C values (see methods), showing a multi-year legacy effect 

when no detrending was used to dampen the bias due to the most recent two decades, and 

a significant reduction in magnitude and length in the legacies when detrending was used 

(Fig. 4). The overall effect of drought on mean values after extreme events can be 

generalized among the 13 sites showing a consistent legacy between zero and two years, 

when δ13C chronologies are detrended. The non-detrended series, however, showed 

legacies up to five years (Fig. 4 a), similar to estimates from past studies. The length of the 

legacies is sensitive to three main characteristics in the time series: (1) higher anomalies 

and their temporal distribution, (2) systemic trends in the time series that move a segment 

of the series above or below the mean, and (3) the partial autocorrelation function of the 

time series (Supplemental Material). In our analysis we attribute, the longer legacies 

following extreme drought events as being largely due to the increase in frequency of 
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drought during the past two decades, increased interannual variance in seasonal VPD and 

associated increase in tree sensitivity to that variance. 

To conclude, the effects of combining the increased frequency of extreme VPD 

events, the positive trends in VPD over the most recent two decades, plus the one-year 

autocorrelation structure in the δ13C chronologies are the cause for climatologically related 

multi-year legacies in the semi-arid pine forest ecosystems distributed across a broad 

geographic domain in the SW United States, which we examined (Fig 4). These results 

provide new evidence that the extreme seasonal water demand in the SW is not 

accompanied by a prolonged multi-year legacy largely explainable by physiological 

mechanisms inherent within tree carbon and water exchange processes. Our results, do 

however, confirm that a shorter physiological legacy of one, and in some cases two, years 

is evident from the isotope ratios recorded in tree rings. It is important to note that this 

shorter physiological legacy is observed for even the most extreme droughts we analyzed 

during the 53-year isotope record. The shorter legacy effects that we describe are consistent 

in their absolute lengths with a recent global analysis of drought response times assessed 

using a random forest algorithm conditioned on tower-flux modeled estimates of gross 

primary productivity (GPP), satellite remotely-sensed GPP products and multi-model 

ensemble projections of global GPP, in which drought recovery times were less than 12 

months for 84% of the events considering all global terrestrial regions (Schwalm et al., 

2017). This comprehensive global analysis also revealed that the most extreme (95th and 

97th percentiles) legacy periods have increased, however, from approximately 1.3 and 1.7 

years, respectively, in 1901-1910, to 3 and 4.8 years, respectively, in 2001-2010, indicating 



 

	   166	  

that there has clearly been a lengthening in apparent drought legacies in recent decades 

(Schwalm et al., 2017). It is possible that our observations of an interaction between the 

frequency of droughts and observed drought legacies at the regional scale of the SW United 

States can explain these recently-reported patterns at the global scale. Within the specific 

geographic domain of our studies, the conclusions are most relevant to explaining recently 

observed mass-mortality events in semi-arid forests of the SW, especially given that recent 

projections anticipating a 50% increase in the mean VPD by 2100 with associated increases 

in extreme forest stress and further mortality (McDowell & Allen, 2015; Ficklin & Novick, 

2017). Our studies provide a climatic context for understanding biospheric responses to 

extreme events and place an emphasis on projections of trends, frequency and variance 

associated with future droughts as a means, in and of themselves, to understand drought 

legacies and the hysteretic influence they impose on patterns in the global carbon budget.  

  



 

	   167	  

Figures 

 

Figure A3 1. Time series of the spatial averages and relationships between δ13C and VPD. 
Time series comparisons between modeled VPD using δ13C (black) and seasonal VPD (purple). 
The colored regions on each map (a, b, c) show the spatially-resolved mean VPD values for the 
spring (AMJ in panel a) and two summer (JAS in panels b and c) modes revealed in the EW and 
LWadj time series. The data from theses mapped domains were used to run the regression model 
that resulted in the VPD reconstructions reported in the right panels (d,e,f).  d) AMJ vs PC1-EW 
have R2=0.71, e) JAS vs PC1-LWadj have R2=0.49, f) JAS vs PC2- LWadj have R2=0.51. 
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Figure A3 2. Changes in the frequency of extreme VPD events and d13C. a) Regional anomalies 
recorded in the δ13C earlywood (PC1-EW= EW), b) (PC1-LWadj = LW_N), c) (PC2-LWadj = 
LW_S), d) Recurrence/frequency (years) of extreme dry events recorded in the chronologies a, b 
and c, based on 80th percentile VPD threshold. The probability of occurrence left “y” axis is 
calculated with a Gaussian kernel regression using a moving window of 30 years. The confidence 
bands at 95 % have been obtained from 1000 bootstrap kernel simulations. 
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Figure A3 3. Changes in δ13C and RWI sensitivity to atmospheric water demand. a) Site based 
and color-coded 31-yr running correlation between seasonal VPD and δ13C and RWI (from 1960-
2012). Correlation values that are below alpha = 0.05 are not colored in the plot. b) Color-coded 
31-yr running normalized variance, the variance has been normalized to compare and illustrate 
general patterns in trends after 1985. 
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Figure A3 4. Average superposed epoch analysis (SEA) using extreme spring (AMJ) and 
summer (JAS) VPD. Comparison of the extreme VPD legacy effects recorded in tree-ring d13C 
(a, b c) and RWI (d,e,f). Analyzed using different detrending methods. No detrending (a,d), low-
frequency detrending (b,e) and a combination of low-frequency detrended minus the residual 
chronology after AR1 (c, f). The envelope for each SEA is the 95% confidence interval computed 
from the SEA of all sites see Figure A3-S 5. 
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Methods  

We used a tree-ring network of 13 sites within the domain of the North American Monsoon 

System (NAMS) (Fig. S1). At each site, cores from 4-5 Pinus ponderosa trees were used 

to construct a single (mean) earlywood (EW) and latewood (LW) chronology for the site 

for the 53-year period 1960-2012. Thus, we independently analyzed 13 composite EW and 

LW chronologies. Individual trees at each site were chosen according to previously 

described criteria (Szejner et al., 2016). We studied the carbon isotope (δ13C) composition 

from extracted cellulose and ring-width increments (RWI) for the 13 sites at an intra-annual 

(seasonal) resolution using the EW as a spring proxy and LW as a summer proxy for each 

individual ring. Corrections to the isotope time series were made to account for progressive 

changes in the atmospheric 13C/12C ratio since the late 1800s due to fossil-fuel combustion 

(Suess, 1955; Field et al., 1995; Francey et al., 1999; McCarroll et al., 2009).  

 

1.   Seasonal climate signal from regional δ13C chronologies (PCA). 

The chronologies that exhibited a significant EW-LW cross-correlation were treated to 

estimate the Adjusted-LW index (LWadj) which is defined from the residuals of a linear 

regression between LW and EW chronologies (Meko & Baisan, 2001; Stahle et al., 2009; 

Griffin et al., 2011; Szejner et al. in review). We estimated regional chronologies using a 

principal component analysis (PCA) on δ13C of EW and LWadj. (Fig. S2).  

The seasonal vapor pressure deficit (VPD) in kPa was calculated and mapped (Fig. 

S1) for the domain containing the 13 study sites using the PRISM dataset at 4-km resolution 
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(PRISM_Climate_group, 2004). Estimates of the actual vapor pressure (ea) were subtracted 

from the saturated vapor pressure (es), to provide VPD. Maximum and minimum 

temperatures were used to estimate es and dew-point temperatures were used to estimate 

ea. We used 'spring' April–June (AMJ) or 'summer' July–September (JAS) mean VPD as 

the climate variables associated with EW or LW d13C, respectively. 

The time series of the eigenvalues that resulted from the PCA (components) of δ13C 

EW and LWadj were correlated with the regional gridded VPD (Fig. S2). The three main 

components from the PCA showed differences in the region where the sites share variance, 

which was coherent with the field correlation with VPD. The VPD time series for each 

region was computed using the average VPD of the region with correlation values greater 

than 0.65. Using the z-scores from the components and the regional VPD, we ran a simple 

linear regression followed by rescaling of the regression estimates to the original variance 

and mean from the regional VPD (Fig. 1). 

 

2.   Temporal Changes in extremes and sensitivity 

We applied the peak over threshold (POT) approach (Engeland et al., 2005) to obtain the 

years that had an extreme departure from the regional components (PC1-EW, PC1-LWadj 

and PC2-LWadj). We defined an extreme response when the departure exceeded the 80th 

percentile of the its integrated distribution. The probability of occurrence of an extreme 

was estimated using a Gaussian kernel technique along a moving window of 30 years 

(Mudelsee & Bo, 2003; Mudelsee et al., 2004). The kernel-based estimation of extreme 
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recurrence allows the detection of nonlinear and non-monotonic trends without imposing 

parametric restrictions. To account for the error in our kernel estimates of the recurrence 

of extreme events, we estimated a confidence interval at the 95% level based on 1000 

bootstrap random resampling steps with the same number of events. 

We also assessed temporal changes in climate sensitivity across the 53-year 

chronologies obtained for each site. Changes in sensitivity were addressed through an 

examination of time-dependent trends in variance and the correlation between d13C or RWI 

and seasonal VPD. This sensitivity assessment was conducted using a running correlation 

and variance analysis with a moving window of 31 years. Changes in trends were identified 

using a rank-based non-parametric approach, the Pettit method (Pettitt, 1979), which is also 

free of distribution patterns and insensitive to outliers. This method identifies a single 

point-change (year) in the distribution of the time series. We normalized the running 

variance to illustrate the general temporal pattern in the changes in relative variability for 

each site (Fig. 3). 

 

3.   Assessing drought legacy effects  

We applied the Superposed Epoch Analysis (SEA) to address potential legacies triggered 

by extreme (80th percentile) seasonal VPD (dry conditions) recorded in the δ13C and RWI 

seasonal chronologies. The SEA is a non-linear test for the predictive skill of discontinuous 

variables (Chree, 1913). In this case, the SEA served to test the site-by-site effect of spring 

and summer VPD, independently, on the δ13C and RWI in EW and LW of the years during 
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and after extreme drought events. We used the SEA function from the R package dplR 

(Bunn, 2008). Within the SEA analysis, extreme drought years are called key events. Once 

the key events were determined, we examined the mean standardized anomalies of δ13C 

and RWI in each of the 5 years following to each key event and the mean for the years of 

the key events themselves. Then, to assess if the mean values in any succeeding year are 

significantly different from the mean of randomly selected years, we applied a bootstrap 

random resampling technique to select 1000 sets of years from the chronologies and 

estimate the mean δ13C and RWI (Haurwitz & Brier, 1981).  

The SEA interpretation can be biased if the temporal spacings between key events 

are distributed too close in time and fall within the range of the time-series autocorrelation, 

or if the analyzed time series contains trends or inhomogeneities that could influence the 

mean value and is confounded as a resultant effect following the key event (Haurwitz & 

Brier, 1981). To assess the potential for spacing and trend effects as a source of uncertainty, 

we tested three different detrending techniques applied to the δ13C and RWI chronologies: 

(1) no detrending, (2) detrending at a low-frequency, and (3) the time series resulting from 

the difference between the detrended and residual chronologies with no partial 

autocorrelation (white noise chronologies). This technique retains only the variability 

attributed to multi-year autocorrelation in the absence of trended influences. The latter 

technique was intended to provide an output indicative of multi-year lags congruent with 

the previous analysis of Anderegg et al. (2015), which reported multi-year legacies. For 

the detrending procedures we used the detrending functions in dplR (Bunn, 2008) using a 
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30-yr smoothing spline to control the low frequency and long term trends, and the “AR” 

mode for the interannual variability (white noise). 
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Supplemental Material 

 

 

Figure A3-S 1. Tree-ring network and hydroclimate seasonal regime. a) Tree-ring sites 
on map of summer (JAS) proportion of annual precipitation. b) Mean spring VPD (AMJ) 
c) Mean summer VPD (JAS). Analysis period 1901-2012. 
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Principal component analysis and correlations with regional VPD 

 

Figure A3-S 2. Summary of the PCA and its linear relationship with regional mean 
VPD values for the spring (AMJ) and summer (JAS). a) z-scores from the eigenvalues 
from each component (PC1-EW, PC1 LWadj and PC2 LWadj) from the principal 
component analysis computed using a correlation matrix of δ13C EW and δ13C LWadj 
datasets. b) Field correlation analysis between each component and VPD from 1960-2012. 
The color grids represent the correlation value marked by the color code in the bottom, and 
the black circles show the loadings of each component for each site, where the larger the 
circle mean similar variability with the component, also coded on the color code on the 
bottom. c) Scatterplots showing the linear relationship between the z-scores of the 
components and mean regional VPD values for the spring (AMJ) and  summer (JAS)  from 
all grids with a correlation above 0.65 shaded in grey color on the maps.  
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Sensitivity analysis using process-based modeling 

Both photosynthesis rate (A) and stomatal conductance (gs) contribute to the estimation of 

intercellular CO2 concentration (ci), and ultimately reconstruction of the intrinsic water-

use efficiency (iWUE), and VPD. Our use of tree-ring cellulose d13C values to reconstruct 

atmospheric VPD is based on a fundamental assumption that VPD-induced changes in gs 

influence iWUE and d13C more than changes in A, when assessed across the broad 

geographic NAMS domain. Here, we provide a sensitivity analysis to support this 

assumption. We made an informed estimation of the internal CO2 concentrations (𝑐𝑖), 

following the diffusive principle that 𝐴 = 𝑔'. ∗ (𝑐𝑎 − 𝑐𝑖) where 𝑔'. is the stomatal 

conductance of CO2 and 𝑐𝑎 is the atmospheric CO2 concentration. Then, using a transfer 

function (model) that estimates the stomatal conductance of water 𝑔'c (mol m-2 s-1) which 

depends on vapor pressure deficit (VPD) as a primary driving variable, we can write (see 

McDowell et al., 2008): 

𝑔'c = 283.2𝑒([C.CE∗\]^) ÷ 1000	  ; 	  𝑟0 = 0.87 

Where VPD is in kPa. After estimating the seasonal mean 𝑔'c using seasonal mean VPD 

using Prism climate data for each site, we converted 𝑔'c to 𝑔'. according to: 

AB�
C.EF

= 𝑔'., 

Where 1.58 is the ratio of diffusivities in air for H2O and CO2. We used a 3.5% increase 

trend of 𝐴 values from 7.3 to 10 µmol m-2 s-1 from 1960 to 2012, which were derived from 

experiment values for P. ponderosa (Callaway et al., 1994) and calculated the sensitivity 

of ci according to: 

𝑐𝑖 = 𝑔𝑠 ∗ 𝑐𝑎 − 𝐴 ∗ 𝑔𝑠[C. 
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After substituting with ci in the carbon isotope discrimination model, we can write: 

𝛿CH𝑐IJKL = 𝛿CH𝑐KMN − 𝑎 − 𝑏 − 𝑎 ∗
𝑐𝑖
𝑐𝑎 

and 

𝛥CH𝑐 = 𝑎 + 𝑏 − 𝑎 ∗
𝑐𝑖
𝑐𝑎 

where, 𝑎 is thermodynamic fractionation associated with diffusion of CO2 through the 

stomata (4.4‰) and	  𝑏 is the effective kinetic discrimination against 13C by Ribulose-

Biphosphate-Carboxylase-Oxygenase (Rubisco) during carbon fixation (about 27‰). In 

support of our hypothesis that VPD is driving most of the δ13C variability when assessed 

across his geographic region, we found that the model predicted 70% and 60% of the 

variance on the EW and LW, respectively, when comparing the modeled δ13C with our 

measurements. 
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Figure A3-S 3. Sensitivity analysis using process-based modeling and observations of 
δ13C. The time series show the δ13C temporal variability (z-scores) for each site. The bold 
lines are the mean chronology using all sites from the modeling exercise (purple) and the 
observations (brown). The 1:1 scatterplots in the right side shows the relationship between 
z-scores from modeled δ13C estimates versus observed δ13C. 
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Partial autocorrelation functions in carbon isotopes and seasonal VPD.  

 

Figure A3-S 4. Partial autocorrelation function for δ13C EW, LW LWadj and Seasonal 
VPD. This shows that the EW and LW time series have one year memory (AR1), whereas 
the summer VPD shows no significant relationship with next year summer VPD but the 
AR2 shows up in most of the sites. Spring VPD does not show any significant 
autocorrelation at any order. Colored pixels show the correlation values significant at a p 
< 0.05 and the grids with black points p < 0.01. 
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Details on the legacies and SEA using bootstrap and no detrending 

 

Figure A3-S 5. Superposed epoch analysis (SEA) using extreme Spring VPD (Apr-
Jun) and Summer VPD (Jul-Sept). The color code represents the average isotopic 
anomaly of the 8 to 10 extreme VPD years from 1960 to 2012. a) for the driest extremes 
and b) for the wettest extremes. Colored grids represent the isotopic anomaly that is 
significantly different from some randomly selected lags (using a bootstrap resampling for 
the same number of events) color grids p < 0.5 and the grids with black points p < 0.1. X-
axis= lags(years). Y-axis= sites, and at the top is the PC1. 
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Appendix 4 

CONCLUDING SYNTHESIS 
 

 

In this dissertation, the relationships between tree physiology and climate variation 

were studied using tree-ring growth and stable isotopic composition of oxygen and 

carbon. In a simplified model, tree physiology depends on: Moisture in the air and the 

soil, CO2 as a source of carbon to produce biomass, and light as a source of energy to 

fix the CO2 into biomass. During photosynthesis, plants take up CO2 and transpire H2O. 

These fluxes of water and carbon are controlled by the stomata — small pores at the 

surface of the leaves. Stomatal activity is driven by the moisture available to the plant 

and the moisture state of the atmosphere; when the environment is dry, stomata will 

close avoiding water loss and reducing the uptake of CO2. The sugars produced and 

utilized during seasonal growth will have specific carbon and oxygen isotopic ratios 

recording ecophysiological variations in relation to prevailing environmental and 

physiological conditions.  

The seasonal climate in the SW is characterized by a bimodal precipitation 

distribution. Winter precipitation which mostly originates from snowpack and the 

monsoon summer rainfalls are separated by an arid spring and early-summer hyperarid 

period. The role of the summer rainfall after the early-summer hyper-arid period in the 

region, provides a unique seasonal condition for these ecosystems to thrive. While these 
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forests clearly rely on winter snowpack to drive much of their annual net primary 

productivity, the overarching question of this dissertation is: What is the temporal and 

regional extent to which these forests supplement winter moisture with summer 

monsoon moisture? 

To document the ecophysiological changes over time, tree ring samples were 

collected from a network of 13 sites of ponderosa pine forests located in the SW to 

measure C and O stable isotopes at seasonal resolution. The measurements targeted the 

early growth (earlywood; EW) as a proxy of spring environmental conditions, and late 

growth (latewood; LW) as a proxy of summer environmental conditions, for the last 53 

years. This unique dataset offers the potential to specifically address questions 

regarding ecophysiological responses to climate such as: 1) What are the regional 

differences in photosynthesis and transpiration that are recorded in carbon and oxygen 

isotopes? (Appendix 1). 2) What are the drivers of the seasonal relationships between 

EW and LW? (Appendix 2). 3) Do these forests show any legacy effects triggered by 

extreme droughts? (Appendix 3). 

To address the first question, I identified two main regional and seasonal 

differences in δ13C and δ18O from sub-annual tree ring records on trees in the North 

American Monsoon System (NAMS) region. First, I found that the δ13C in the LW was 

more sensitive to interannual summer moisture variability at the northern sites, with 

diminishing sensitivity toward the southern sites. Second, I found that the seasonal 

difference between EW and LW in δ18O was significant in the southern sites, whereas 

no difference was observed at the northern sites. These observations reveal that 
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ponderosa pine trees have differential access to warm season 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 photosynthesize 

and support annual productivity. Additionally, the contribution of the Appendix 1 is 

the better understanding of the importance of the summer monsoon vapor pressure 

deficit (VPD) on the photosynthetic carbon sequestration in this region. These results 

highlight the effects of the sharp VPD seasonal changes (spring to summer), which play 

an important role in forest productivity along this region, and organize the region into 

an integrated ecological macrosystem. 

During the studies reported in Appendix 1, some caveats were detected in the 

seasonal autocorrelation between isotope values. These caveats have the potential to 

profoundly influence the interpretation of the geographic patterns in carbon and oxygen 

isotope ratios that were identified in Appendix 1. For example, despite the LW is 

formed during summer, the δ13C in LW showed significant correlations with spring 

VPD conditions. The uncertainties raised by these caveats led to the question addressed 

in Appendix 2, attempting to understand the causes of the seasonal relationships 

between EW and LW and how do these drivers affected our efforts to identify the 

independent determinants of isotope ratios in EW and LW across geographic gradients 

and under a seasonal climate. In the case of the 13C chronologies the seasonal 

relationship between EW and LW was be explained by two main mechanisms: one was 

the seasonal climate that shows positive correlations in the northern sites and the second 

mechanism, was the lagged utilization of storage water and carbohydrates form spring 
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to summer. In the case of the 18O chronologies, the differences between EW and LW 

are closely related to, the sharp changes in seasonal VPD playing an important role to 

differentiate both sections of the tree rings. However, the magnitude of these influences 

varied geographically, with latitude. Once the autocorrelation was identified, we 

implemented statistical and mechanistic tests to account for the different lag effects 

searching for isotope-climate-physiology linkages.  

Using a mechanistic model of the coupling between climate and δ18O fractionation 

during physiological processes, it was possible to examine the causes of the intra-

annual differences in isotope composition and variability between EW and LW. This 

approach led to the corroboration of the striking patterns of the highly enriched δ18O 

values in EW relative to LW identified in the first study, and the geographic 

dependence of that difference. In the southernmost sites, the EW section was more 

enriched in 18O, compared to the LW. These results suggest that the decrease in VPD, 

related to the summer onset of the NAMS has a larger effect on evaporative enrichment 

of 18O than previously appreciated. 

Our results using a statistical and mechanistic (modeling) approach show that it is 

possible to disentangle the causes of autocorrelation in the isotope ratios across intra-

annual portions of tree rings. This capacity allows us to gain insight into the phenology 

and lags associated with carbon assimilation and allocation into wood production and 

the utilization of winter versus summer precipitation. Once the causes were identified, 

I could more confidently state conclusions from Appendix 1 as to the environmental 

drivers of isotopic distinctions in tree rings from across the NAMS domain. 
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Furthermore, I was able to design a statistical correction to the seasonal autocorrelation, 

thus providing a tool for future studies of isotope ratios in the different anatomical 

regions of single tree rings. The insight and tools that I developed should be especially 

useful in exploration of past NAM shifts and of past patterns of climate variability that 

influence the coupling between carbon and water cycling in montane forests of semi-

arid regions in the SW.  

In Appendix 3, the presence and duration of legacy effects triggered by extreme 

droughts were investigated. Legacy effect is defined as the time it takes an ecosystem 

(trees or forests) to recover after an extreme drought. The motivation of this study was 

to obtain a better understanding of the causes and magnitude of these legacy effects. 

This understanding is crucial for an accurate prediction of carbon and water exchange 

between forested ecosystems and the atmosphere. Recent analyses exploring in 

thousands of tree-ring chronologies available from International Tree-Ring Data Bank 

(ITRDB) have shown that conifer forests in dry regions exhibit the greatest legacy 

effects, lasting up to five years after the drought (Anderegg et al., 2015). Th existence 

of long-lasting effects of drought have not been included in the current generation of 

climate–carbon cycle models, resulting in significant uncertainties about the effects of 

global climate change, especially in those models that are used in combination with 

tree ring analyses. A recent study by Schwalm et al., (2017) looked at the time that 

ecosystem productivity takes to return to a normal state; which was defined as recovery 

time. This study analyzed global gridded net ecosystem productivity model from 

satellite data and eddy covariance observations.  The analysis showed that the recovery 
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time after extreme drought has increased in recent decades because of more recurrent 

droughts (or higher drought frequency). And that the recovery time for was less than 2 

years in the SW, compared to the 5-year estimate found by Anderegg et al., (2015). 

Using our seasonal and multi-year observations of carbon isotope ratios, which 

reflect forest ecophysiological response to the variations in VPD, I addressed the 

discrepancies between the studies described above, and investigated the main causes of 

previously reported multi-year legacy effects. In Appendix 3 it is shown that the cause 

of the observed drought legacies derived from the tree-ring carbon isotope network, 

was a simultaneous increase in the frequency of extreme droughts during the past two 

decades, and increases in tree sensitivity to water limitations. The legacy effects were 

found to be 4-5 years, similar to results reported in Anderegg et a.,l (2015). However, 

when recent positive trends in VPD are removed from the tree-ring isotope 

chronologies, the physiological recovery after extreme droughts was only one year, 

similar to the results reported in Schwalm et al., (2017). This study provides a climatic 

and physiological context for understanding ecosystem responses to extreme drought 

events, and places an emphasis on projections of trends, frequency and variance 

associated with future droughts, allowing us to understand drought legacies and the 

memory influences they impose on patterns in the global carbon budget. 

To summarize overall, my studies showed: 1) While forests in the SW clearly rely 

on winter snowpack to drive much of their annual net primary productivity, I was able 

to show and quantify the importance of the summer monsoon moisture, and particularly 

the low VPD associated with this moisture, as a dominant control over carbon 
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sequestration and woody biomass growth in this region. 2) Seasonal and phenological 

lags expressed in the isotopic content during the growing season can be explained 

differentially by climatic and physiological mechanisms. 3) The increasing frequency 

of extreme droughts attributed to climate changes over the last 20 years is already 

impacting the carbon and water cycles of SW forests. 
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