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ABSTRACT 
 
 
Understanding the physiological traits that trees utilize to manage water use can 

reveal important insights into how and why they occur in their realized habitat. Among 
the tools to investigate these traits include measuring trees’ seasonal water status, 
deciphering trees’ rooting depth, and measuring the trees’ vulnerability to cavitation. 
However, it is equally important to understand how complex landscape heterogeneity will 
affect both the inter- and intraspecific variation of these physiological traits. This thesis 
seeks to quantify the variation of the physiological traits used to manage water status 
among three common Rocky Mountain conifers; Pseudotsuga menziesii (a plastic species 
occurring across xeric and mesic sites), Pinus ponderosa (a xeric species), and Picea 
engelmannii (a mesic species), occurring across an elevation gradient. Furthermore, it 
aims to link tree maintenance of water status to source water, and understand how the 
importance of source water is reflected in the tree ring record. In the first chapter, I 
sought to quantify inter- and intraspecific variation of these three species by measuring 
diurnal and seasonal water status, seasonal water use, and xylem vulnerability to 
cavitation at a low elevation xeric site, composed of P. ponderosa and P. menziesii, and a 
high elevation mesic site, composed of P. engelmannii and P. menziesii. We found good 
evidence for interspecific variation in the physiological traits to manage water status at 
both sites. However, we did not find strong evidence for intraspecific variation in these 
same traits within our plastic species (P. menziesii). In the second chapter, we 
investigated how stable isotopes in tree rings reflected seasonal source water use as well 
as the atmospheric conditions the trees were growing under. At the low elevation site, we 
found evidence that the tree ring isotopes were likely reflecting both seasonal 
precipitation inputs as well as the atmospheric growing conditions. At the high elevation 
site, trees likely only reflected the atmospheric growing conditions and did not reflect 
seasonal water use. 
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INTRODUCTION 

Understanding the physiological mechanisms that different plant species have to 

manage their water status has helped elucidate how they can persist in their potential 

habitat (Pockman & Sperry, 2000; Stout & Sala, 2003; Kolb & Sperry, 1999). Plant water 

status, typically measured as plant water potential (y) is largely affected by transpiration. 

During transpiration water is moved from the roots to the atmosphere via capillary forces 

and cohesion between the water molecules within a plants xylem as water is pulled from 

the xylem to the leaves (Pickard, 1981). This movement is driven by a strong y gradient 

between the atmosphere and soil, where leaf transpiration creates a negative y relative to 

the roots. With the development of the pressure bomb (Scholander et al 1965) came a 

relatively easy way to measure plant xylem water potential (yx). yx measurements helped 

elucidate both diurnal and seasonal patterns of y management in plants (Waring & 

Cleary, 1967; Waring & Running, 1978). Interestingly, it was frequently observed that 

during hot and dry conditions during the growing season, many plants managed their 

mid-day yx to a minimum level that would plateau, regardless of drier conditions (Pavlik, 

1980).  

It was postulated that when yx reached these minimum values, large tension 

forces inside the xylem tissue would begin to result in cavitation in the capillaries of the 

water column of the xylem and halt water flow. Furthermore, if yx dropped below this 

minimum value, a positive feedback loop could occur between cavitation and yx, causing 

a catastrophic loss of hydraulic conductivity (Tyree & Sperry, 1988). The development of 
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vulnerability curves helped elucidate how plants manage their water potential (Sperry et 

al 1988). Vulnerability curves revealed how xylem hydraulic conductivity decreased 

under increasingly negative yx. It was found that at yx below a plant’s observed 

minimum mid-day yx corresponded to drastic decreases in conductivity (Cochard, 1992).. 

However, researchers found that the degree of risk, or safety margins, between the 

observed minimum yx and  yx’s at which larger decreases in conductivity could occur 

varied widely among different plant species (Pockman & Sperry, 2000).  

The rooting depth of a plant can also have large implications for how a plant 

manages its water status. For instance, at sites that seasonally dry-down, plants that have 

deep taproots and can access consistent deep soil water reserves would experience a more 

favorable water status, due to a less negative soil y, than plants that are shallow rooted 

(Jackson, 2000; Sperry & Hacke, 2002). Furthermore, these variations in rooting depth 

can determine a plant’s access to deeper ground water as well as seasonal precipitation 

inputs (Ehleringer & Dawson, 1992). Thus, in order to understand the controls of yx, it is 

necessary to link the physiological mechanisms that plants have to manage their water 

status to the climate that determines the supply and demand of water. 

This thesis represents an effort to better understand how some of the physiological 

traits that aid in water management vary within conifers as environmental conditions shift 

from a low elevation, warm-dry xeric forest to a higher elevation, cool-wet mesic forest. 

Along this same shift, it seeks to elucidate the historical importance of source water and 

atmospheric growing conditions in the maintenance of a conifer’s water status. 
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Thus, in the second chapter of this thesis, we investigated the inter- and 

intraspecific physiological plant hydraulic traits, including yx, vulnerability to cavitation, 

and rooting depth of three common conifers of the Northern Rockies growing at a low 

and a high elevation site to determine how a climate gradient affected these traits. In the 

third chapter, we aimed to investigate the importance of historic climate in determining a 

trees water status by studying the isotopic tree ring record for the same species growing 

at the same sites. 
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Introduction 

In the Northern Rocky Mountains, climate changes have caused considerable 

shifts in temperature and precipitation (Mote et al 2005), resulting in decreased spring 

snow accumulation (Pederson et al 2013), earlier spring snowmelt (Stewart et al 2005), 

and lengthening of the summer drought season (Westerling et al 2006). These changes are 

expected to continue as anthropogenic carbon emissions increase (Hamlet & Lettenmaier, 

1999; Payne et al 2004). The decreasing snowpack and increasing temperatures are of 

critical concern because they can lower snowpack and soil water availability and increase 

atmospheric transpiration demand, which can increase the degree of water stress that 

trees experience. While many studies have investigated the interspecific differences in 

how western conifers regulate their water balance in response to drought (McDowell et al 

2008, Domec et al 2004; Piñol and Sala, 2000); relatively few have investigated the 

intraspecific strategies (but see Stout and Sala, 2003). Understanding the inter- and 

intraspecific physiological plant hydraulic strategies to deal with drought for conifer 

species of the Northern Rockies could elucidate how these trees may perform under a 

warmer and drier climate. 

Water transport in plants is driven by large differences in water potential (y) 

between the atmosphere and soil, where leaf transpiration creates a negative y relative to 

the roots. Water potential in roots can become increasing negative as soil water is 

depleted over the course of a growing season, which results in increasing tension between 

the leaves and the roots (Angeles et al 2004). Additionally, high transpirational demand, 

caused by hot and dry conditions, can also cause plant y to become more negative, 
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exacerbating the tension forces inside the xylem tissue. If the y drops below a certain 

minimum level, the tension inside the xylem can become too large, which will result in 

the formation of air bubbles and a breakage of the water column, thus halting water flow 

(Sperry & Tyree, 1990; Crombie et al 1985). If y remains below the minimum value a 

positive feedback loop can occur between cavitation and y, causing a catastrophic loss of 

hydraulic conductivity that results in plant death (Tyree & Sperry, 1988). 

Large diameter capillaries, typically found in mesic plants, are at greater risk of 

cavitation than small diameter capillaries found in xeric plants. Thus, mesic plants have 

less tolerance to negative y than xeric plants (Pockman & Sperry, 2000). If plant y 

becomes too negative, as a result of high transpirational demand or low soil y, plants can 

reduce their risk to cavitation by closing their stomata and reducing transpiration. 

However, this comes at cost of decreased CO2 uptake (McDowell et al 2008). This 

tradeoff has resulted in different plant strategies to find an optimal balance between CO2 

uptake and hydraulic safety, such as regulating leaf area (Battaglia et al 1998), rooting 

depth (Jackson et al 2000), capillary vulnerability, stomatal conductance, and proportion 

of water conducting tissue (Stout & Sala, 2003). However, despite the varying degree of 

tolerance to drought among plant species, clear patterns do emerge. For example, plant 

vulnerability to cavitation is closely related to its drought tolerance (Sperry & Tyree, 

1990; Cochard, 1992; Pockman & Sperry, 2000; Edwards & Diaz, 2006; Johnson et al 

2018), and plants adapted to more xeric sites will be more resistant to cavitation than 

plant species adapted to more mesic sites (Kolb & Sperry, 1999; Pockman & Sperry, 

2000; Johnson et al 2018). Intraspecific comparisons suggest similar strategies where 
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individuals growing at xeric sites are more resistant to cavitation than inidividuals 

growing at mesic sites (Kolb & Sperry, 1999; Kavanagh et al 1999; Stout & Sala, 2003). 

Thus, interspecific comparisons of hydraulic strategies at the same site can reveal 

important physiological mechanisms that allow different plant species to co-exist, while 

investigating intraspecific variation of hydraulic strategies for plastic species can help 

elucidate how species can exist under different environmental conditions.  

 Rooting depth can affect plant access to soil water, which can make it an 

important factor for maintaining plant water balance. For instance, plants that can access 

deep soil water reserves experience less water stress over the course of a growing season 

than plants that are shallow rooted (Jackson, 2000; Sperry & Hacke, 2002). Among 

plants, the variation in rooting depth can determine a plant’s access to water throughout 

the growing season (Ehleringer & Dawson, 1992). Within the western United States 

conifers display a range of rooting depths. For instance, conifer species occurring in 

mesic areas with high snowpack, such as Picea engelmannii, have shallow root systems 

(Alexander, 1987) while, Pinus ponderosa, a low elevation xeric species, has both deep 

taproots and wide-shallow lateral roots (Hermann & Lavender, 1990). This allows P. 

ponderosa to access shallow source water, likely derived from rain and snow (Tang & 

Feng, 2001) and deep source water, usually derived from snowmelt (Barnes & Allsion, 

1983). Pseudotsuga menziesii, however, is a plastic species that can occurs from xeric to 

mesic sites, and also expresses deep taproots and/or wide-shallow lateral roots (Oliver, 

1990), granting it access to much of the soil water table. As drought conditions increase 

across mountain ecosystems, trees that can access reliable deep-water sources may be 
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less susceptible to prolonged drought events than trees that are reliant on intermittent 

shallow water sources (McLaughlin, 2017). 

 In this study, we investigated the inter- and intraspecific physiological plant 

hydraulic traits of three common conifers of the Northern Rockies; P. menziesii, P. 

ponderosa, and P. engelmannii, occurring at a low elevation xeric site and a high 

elevation mesic site. There were four main objectives for the study. The first objective 

was to quantify potential variation in plant water potential of P. menziesii growing in dry 

versus wet landscape positions. The second objective was to quantify the interspecific 

differences in plant water potential for co-occurring tree species at dry and wet landscape 

positions. The third objective was to link plant water potential in co-occurring tree 

species with source water use (shallow or deep soil water). Finally, the fourth objective 

was to quantify the inter- and intraspecific differences to stem xylem tissue vulnerability 

to cavitation for the three dominant tree species. 

Materials and Methods 

Study Site and Experimental Design 

 This study was conducted at the Lubrecht Experimental Forest (LEF), a semi-arid 

mixed coniferous forest located in western Montana, from May to September 2017. To 

capture a hydrometerological gradient associated with elevation, we selected two south 

facing subcatchments from low (1280m) and high elevation (1800m) within the North 

Folk of Elk Creek watershed. The south facing, low elevation site is characterized by the 
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presence of P. menziesii and P. ponderosa while the high elevation site is characterized 

by P. menziesii and P. englemannii.  

At each site, we measured air temperature (oC) and relative humidity (RH, %) 

with a VP3 humidity and temperature sensor (Decagon Devices, Pullman, WA, USA). 

Soil moisture was recorded as volumetric soil water content (VWC, cm3 cm-3) at three 

depths, 5, 30, and 50cm, using a 5TE sensor. Precipitation was measured using a tipping 

bucket rain gauge (Decagon Devices). All data were collected half-hourly using the 

EM50 datalogger (Decagon Devices). 

 At the high elevation site VWC at the 30cm soil depth was not recorded past day 

of year (DOY) 227 due to sensor malfunction. At the high elevation site for DOY 227 to 

257, air temperature, relative humidity, and precipitation were also missing due to a data 

logger malfunction. We interpolated air temperature and relative humidity values during 

this period by estimating their values based on the low elevation data. To estimate these 

values, we created linear models using previous summer and current summer data from 

2013 to 2017. Since there was a logarithmic response between the high and low elevation 

temperatures, air temperature oC was first converted to oK to avoid problems with taking 

the natural log of zeroes that were in the data set. Thus, the model used to estimate air 

temperature was: 

ln(high elevation oK) = bo + b1(log(low elevation oK)) + b2(Imonth=Jun) + b3(Imonth=Jul) 
+ b4(Imonth=Aug) + b5(Imonth=Sep) + b6(Iyear=2014) + b7(Iyear=2015) + b8(Iyear=2016) + 

b9(Iyear=2017) 
 



 
 

13 

where Imonth=1; if else = 0 and Iyear=1; if else = 0. Where Imonth and Iyear are indicator 

variables for month and year, respectively. Interpolated temperature in oK was then 

converted back to oC. The model to estimate relative humidity was: 

High elevation RH = bo + b1(log(low elevation RH)) + b2(Imonth=Jun) + b3(Imonth=Jul) + 
b4(Imonth=Aug) + b5(Imonth=Sep) + b6(Iyear=2014) + b7(Iyear=2015) + b8(Iyear=2016) + 

b9(Iyear=2017) 
 

where Imonth=1; if else = 0 and Iyear=1; if else = 0. Where Imonth and Iyear are indicator 

variables for month and year, respectively.  

 Using the half hour hourly measurements for air temperature and relative 

humidity (including the interpolated values at the high elevation site), we then calculated 

the atmospheric demand on evaporation as vapor pressure deficit (VPD; kPa): 

VPD = e(T) – e(T) x (RH/100)   (Eqn 1) 

where e(T) is the vapor pressure when the air is saturated with vapor at air temperature T 

(K) and RH (%) is relative humidity. Following Tetens (1930), e(T) was calculated as: 

e(T) = 0.6108 x e[17.27T / (T+237.3)]   (Eqn 2) 

Water Potential Measurements 

From DOY 138 to the 271, we sampled pre-dawn (yPD) and midday (yMD) stem 

water potential for a total of nine periods. From each site, we re-sampled from the same 

eight randomly selected trees of each representative species, and we only sampled trees 

that occurred on divergent east facing side slopes to control for topographic variation. All 

pre-dawn measurements were taken between the hours of 3:30 and 5:00 am, while all 

mid-day measurements were taken from 12:00 to 1:30pm. Sunlit branches were collected 
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from heights of 4-6 m using a pole pruner. The stems were then excised from the branch 

with a razor blade and inserted into a pressure chamber (Model 600; PMS Instrument 

Co., Albany, OR, USA; Scholander et al 1965). Pressure was slowly applied to the 

chamber using a tank of nitrogen gas until a drop of water exuded from the cut stem 

segment. The positive pressure applied using the PMS chamber was assumed to be 

equivalent to the negative tension experienced by the branches prior to excision; all 

values were recorded in MPa units.  

Xylem Water Collections and Oxygen Isotope Analysis 

During the same nine collection periods as the water potential measurements, we 

also collected xylem samples from each of the study trees. Xylem water was collected by 

boring approximately 2.5 to 4 cm into the xylem tissue of the tree using a 5.5 mm 

diameter increment borer. Xylem samples were then promptly placed into glass vials and 

sealed with screw caps and wrapped in parafilm (to prevent any evaporation). The vials 

were then placed into a chilled cooler for transport to the lab. Once back in the lab the 

xylem water samples were placed in a freezer to await cryogenic water distillation.  

The xylem water samples extracted from the wood tissue using cryogenic water 

distillation (West et al 2006). To determine the 18O/16O isotope ratios for the xylem 

water, the extracted samples were analyzed using a Picarro Isotopic H2O Cavity 

Ringdown Spectrometer (model L2130-i). The stable isotope ratio for 18O/16O was 

expressed using d notation (units of ‰) and is calculated as: 

d18O = [(Rsample/Rstandard) – 1] x 1000   (Eqn 3) 
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where Rsample and Rstandard are the molar ratios of 18O/16O for the sample and the standard 

(V-SMOW), respectively.  

Vulnerability Curves 

To determine vulnerability to cavitation, we randomly selected four trees from 

each species from the study populations at each site. To capture the variation of 

vulnerability to cavitation within a tree, one branch from the east side and one branch 

from the west side were sampled from each tree. Branches were cut from heights of 3-5 

meters. Branches were then sealed in plastic bags and transported back to the lab where 

they were refrigerated until analysis. In the lab, the branches equilibrated with room 

temperature for at least one hour before measurements were made. The branches were 

then trimmed to approximately 12-18 cm long stem segments. All lateral branches on the 

stems, along with the bark and cambium were removed with a scalpel. The branches were 

then washed with DI water for approximately 30 seconds each. To remove pre-existing 

embolisms the stems were placed in vacuum infiltrator filled with degassed ultra-pure DI 

water. The stems were then vacuum infiltrated for 1 hour at a pressure of -80kPa.  

 Following methods described by Sperry et al (1988), we constructed a 

conductivity apparatus. To measure hydraulic conductivity (Kh) ultra-pure DI water under 

a pressure head of 4-5 kPa was used to measure flow-rate through the stems, where Kh 

was calculated as: 

Kh =  q(dp/dx)-1 (kg m MPa-1 s-1)  (Eqn 4) 

where q is the flow rate (g s-1) and dp/dx is the pressure gradient (MP m-1). After removal 

of pre-existing embolisms, we excised the proximal and distal ends of the stem under 
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water, and then attached them to the conductivity apparatus to establish flow. Kh on the 

vacuum infiltrated stems was then measured three times. These measurements were then 

averaged and used as the maximum Kh.  

Cavitation was induced by using the air-injection method (Sperry & Saliendra, 

1994). To induce cavitation a digital cavitation chamber (PMS instruments) was used to 

place the stems under 1.5MPa of pressure for 10 minutes. The stems were then removed 

from the cavitation chamber and were then placed in sealed plastic bags with damp paper 

towels for 30-40 minutes to allow the xylem tissue to re-equilibrate. Kh was then 

measured the same way as previously described. This process was then repeated at 

injection pressures of 3, 4.5, 6, and 7.5 MPa. For each pressure treatment, the distal pith 

and stem diameters were measured to estimate xylem specific conductivity, which is 

measured as:  

Ks = Kh / xylem area    (Eqn 5) 

However, since we did not dye our stems we could not accurately assess the true Ks of 

our stems.  

To construct vulnerability curves, we calculated percent loss of conductivity 

(PLC) at each treatment pressure, where PLC is calculated as: 

PLC = [(max Ks – Treatment Ks) / (max Ks)] x 100  (Eqn 6) 

Statistical Analysis  

To assess species differences across the whole study period in xylem y (yPD and 

yMD) and xylem water d18O within the two sites, we used a mixed effect linear model, 
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controlling for the random effects of the measurement dates. To assess the site effect on 

P. menziesii for xylem y, we also used a mixed effect linear model, controlling for the 

random effects of the measurement date. Mixed effect models were run using the nlme 

package in R (Pinheiro, 2017). For each site, we also used two sample t-tests to look for 

differences between the mean xylem y measurements for each species at each date for 

both yPD and yMD measurements. Two sample t-tests were also used to look for 

differences between the mean d18O of the xylem water for the two species at each site for 

each date. 

 To model the vulnerability curves, we used nonlinear least squares regression to 

fit a sigmoidal function where 

PLC = !""
(!$%&(Y'())

,                (Eqn 7) 

where a is the slope of the curve and b is the pressure at 50% of the asymptote (P50). 

Models were fitted using the nls and SSlogis functions from the R stats package (R core 

team, 2017). Each branch was modeled individually. At each site, for both species, the 

P50 of the species respective branches were averaged to estimate the species P50. 

Estimated differences between the tree species and high vs low elevation P. menziesii 

were calculated using the Tukey Honest Significant Difference method. 

Results 

Meteorological Measurements 
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Across the entire growing season, the low elevation had consistently lower 

relative humidity (RH) and higher air temperature (Temp) (Fig. 1a) than the high 

elevation site (Fig. 2a), which resulted in higher VPDs (Fig 1b, 2b). Precipitation 

patterns, on the other hand, were similar between the two sites (Fig.1b & 2b). However, 

during the large rain event on DOY 164, the high elevation site received approximately 

15 mm more precipitation. Across the growing season, the low elevation site had 

consistently lower volumetric soil water content (VWC) (Fig. 1c) than the high elevation 

site (Fig. 2c), with soils progressively becoming more depleted in moisture after DOY 

200. However, the VWC at the different depths differed between the two sites. At the low 

elevation site, the 30cm and 50cm soil depths had higher VWC than the 10cm depth; 

however, at the high elevation site, this pattern was reversed and the 10cm depth soils 

had higher VWC than the 30cm and 50cm soils. Overall, the low elevation site was drier 

and hotter than the high elevation site. 

Tree Xylem Water Potential Measurements (yx) 

During the early part of the growing season (DOY 138-180), there was little 

difference between yPD between the two low elevation species, P. ponderosa and P. 

menziesii (Fig. 1d). However, as the study period progressed and the site began to dry 

down, P. ponderosa yPD decreased at a faster rate than P. menziesii yPD, which resulted 

in increasingly larger differences between the two species, as evident at DOY180 (p < 

0.001), 194 (p < 0.001), 208 (p < 0.001), and 229 (p < 0.01) (Fig. 1d). At midday, yMD 

for both species behaved similarly throughout the growing season. For both species, yMD 

leveled out during the mid-summer drought from DOY 194 to 243. For P. ponderosa the 
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minimum yMD was -1.90 ± 0.03 (SE) MPa and occurred at DPY 229. For P. menziesii 

minimum yMD was -1.97 ±  0.06 (SE) MPa and occurred at DOY 243. Both yPD and yMD 

rose during the early fall as the site re-moistened. Comparison of the low elevation 

species for the whole season revealed moderate evidence that the effect of species on 

xylem y changed depending on the time of measurement when we controlled for the 

random effects of measurement date (p = 0.01, one-way ANOVA). The estimated mean 

seasonal difference between P. ponderosa and P. menziesii for yPD was -0.099 ± 0.025 

(SE) MPa, while yMD was -0.008 ± 0.011 (SE) MPa.  

For both high elevation species, yPD remained relatively stable throughout the 

study period; however, there was a small increase during the first half of the study period 

followed by slight decrease during the mid-summer drought (Fig. 2d). For most of the 

study period P. englemannii maintained a higher yPD than P. menziesii. For the yMD 

measurements, P. englemannii was consistently less negative than P. menziesii. 

Furthermore, over the course of the dry period, the difference between yMD for P. 

englemannii and P. menziesii slightly increased (Fig. 2d). For both high elevation species, 

minimum yMD occurred on DOY 230 during the middle of the mid-summer drought. For 

P. englemannii and P. menziesii, minimum yMD was -1.54 ± 0.08 (SE) and -1.93 ± 0.05 

(SE) MPa, respectively. During the fall re-moistening period yPD and yMD for P. 

englemannii increased, while only yPD for P. menziesii increased. At the high elevation 

site, we found strong evidence that the effect of species on xylem y changed depending 

on the time of measurement (pre-dawn and mid-day) when controlling for the random 

effects of measurement date (p < 0.001, one-way ANOVA). The estimated mean seasonal 
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difference between P. menziesii and P. englemannii yPD was -0.112 ± 0.030 (SE) MPa, 

while yMD was -0.229 ± 0.042 (SE) MPa 

When comparing P. menziesii across low and high elevation sites (Fig. 1d & 2d) 

we found a site effect on xylem y when controlling for the random effects of the 

measurement date and accounting for time of measurement (One-way ANOVA, 

p<0.001). The estimated difference between the low and high elevation P. menziesii was 

0.081 ± 0.024 (SE) MPa for both yPD and yMD. However, there was no evidence that the 

effect of site on yx varied depending on the measurement time (pre-dawn vs mid-day) 

(One-way ANOVA, p=0.72). Thus, y differences were be explained by site differences. 

Xylem Water Oxygen Isotopes 

At both sites, there were minimal differences between the two species in xylem 

water d18O (Fig. 3a & b) for most measurement dates, except following a large rain event 

on day 164 when the d18O in the xylem water became more enriched in all species at both 

sites. After the rain event, the d18O of xylem water at both sites became more negative, 

but then remained mostly level for the remainder of the study period (Fig. 3a). One 

exception was P. englemannii xylem water d18O, which exhibited a higher degree of 

variation (Fig. 3b). For the low elevation site, mean xylem water d18O during the study 

period was -15.46 ± 0.37 (SE) ‰ for P. ponderosa and -16.06 ± 0.40 (SE) ‰ for P. 

menziesii. There was no difference between the two species when controlling for the 

random effects of measurement date (p-value = 0.14, one-way ANOVA). For the high 

elevation site, mean xylem water d18O during the study period was -15.51 ± 0.28 (SE) ‰ 
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for P. englemannii and -16.11 ± 0.30 (SE) ‰ for P. menziesii. There was evidence for a 

slight difference between the two species when controlling for the random effects of 

measurement date (p-value = 0.008, one-way ANOVA). 

Relationship between VPD and Xylem Water Potential 

We found a strong negative exponential relationship between xylem y and VPD 

(p < 0.001, one-way ANOVA, F = 674.1 on 1 and 574 d.f)(Fig. 4). Additionally, there 

was an additive tree population effect on xylem y (p < 0.001, one-way ANOVA). We 

found no tree population interaction with VPD (p = 0.374, one-way ANOVA). There was 

strong evidence that the intercept for P. englemannii differed from P. ponderosa, low 

elevation P. menziesii, and high elevation P. menziesii (p < 0.001 for all three 

comparisons, two-sample t-test). We found no evidence for a difference between the 

intercepts for P. ponderosa, low elevation P. menziesii, and high elevation P. menziesii (p 

> 0.1 for all four comparisons, two-sample t-test). Our final model was: 

yx  =  bo + b1[log(VPD)] + b2(Itree = P. ponderosa) + b3(Itree = Low P. menziesii) + 
b4(Itree = high P. menziesii), 

 

where Itree = 1; else = 0. Where Itree is an indicator variable for tree type. Summary 

statistics for regression coefficients are provided in table 1.  

Vulnerability Curves 

High elevation P. englemannii and low elevation P. ponderosa experienced 50% 

water stress induced cavitation (P50) values of -3.82 ± 0.19 (SE) and -4.06 ± 0.07 (SE) 

MPa, respectively compared to P. menziesii P50 values (Fig. 5), suggesting a much higher 
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sensitivity to cavitation than P. menziesii. We found no difference between the P50 values 

between P. englemannii and P. ponderosa (p = 0.59, two-sample t-test). Both low 

elevation and high elevation P. menziesii were the least vulnerable populations to water 

stress induced cavitation, with P50 values of -4.93 ± 0.07 (SE) and -4.79 ± 0.33 (SE) (Fig. 

5), which were not significantly different (p = 0.86, two-sample t-test). There was, 

however, strong evidence that both low elevation and high elevation P. menziesii were 

less vulnerable than both P. englemannii and P. ponderosa (p-value < 0.001 for all four 

comparisons, two-sample t-test). P50 estimates for each species and comparisons between 

species are provided in tables 2 and 3, respectively. 

Discussion 

The physiological and morphological traits that different plant species have to 

manage water status can vary widely along hydrologic gradients, and the combination of 

these traits can result in unique strategies that allow plants to persist in certain 

environments (Pockman & Sperry, 2000; Sperry & Hacke, 2002; Stout & Sala, 2003). 

One goal that has recently emerged in ecohydrology is assessing the role of topography 

on plant ecophysiological responses; in other words, do species-specific traits override 

topography, or do topographic controls on hydrometeorology result in predictive plant 

responses to the environment? In this study, we examined how environmental factors 

influenced inter- and intraspecific tree water status across a watershed. We found that 

variation in stem xylem y in P. menziesii at low and high elevation were likely caused by 

site differences and not variation in physiological traits. Additionally, there were 
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interspecific differences in stem xylem y between P. menziesii, P. ponderosa, and P. 

englemannii. These differences in sensitivity to water stress among trees species were 

corroborated with lab-based measurements of stem vulnerability to cavitation, with P. 

menziesii being the most resistant to cavitation and P. englemannii being the most 

vulnerable. Surprisingly, despite growing in the driest location within the watershed, P. 

ponderosa had similar vulnerability to cavitation as P. englemannii, which grows in the 

wettest locations. Using deep soil water and storing water in the sapwood may play 

important roles in allowing P. ponderosa to survive in xeric landscapes. 

Environmental Factors and Stem Water Potential 

Vapor pressure deficit (VPD) and soil water content (SWC) are environmental 

factors known to affect plant xylem y (Sperry et al 1998) and represent the supply (SWC) 

and demand (VPD) components within the hydraulic gradient. Diurnal cycles of VPD can 

have strong impacts on the water status of plants. Nighttime transpiration and plant water 

loss is minimal due to low VPDs and low rates of stomatal conductance (gs); however, as 

VPDs increase during the daytime, increases in gs and transpirational demand can cause 

rapid declines in plant water potential. The yPD and yMD results show this strong diurnal 

pattern (Fig 1d, 2d, 4). The most immediate effect of SWC on plant water status is on 

plant yPD. This is because yPD is the theoretical point in time when the plant yx reaches 

an equilibrium with soil y, due to low nighttime VPDs and negligent rates of gs (Waring 

& Cleary, 1967). When yPD begins to decrease during the growing season, this suggests 

that SWC is sufficiently low such that trees cannot fully hydrate overnight (Fig. 1d & 
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2d). Decreasing SWC, however, can also have strong impacts on yMD over longer time 

scales. As soil water content decreases, plants can upregulate the synthesis of abscisic 

acid (ABA) in the roots, a hormone that can regulate the stomatal response of plants. 

Increasing levels of ABA production and its subsequent accumulation in a plant’s leaves 

result in decreases in gs (Bauer et al 2013; Mittelheuser & Van Steveninck 1969; 

Tombesi et al 2015; Zhang & Davies 1989). This upregulation of ABA and its resulting 

changes on gs as SWC decreases can help plants maintain an optimal homeostatic water 

balance over the course of a growing season even as sites dry down (Feurtado et al 2007). 

At both sites, yMD for all of our trees leveled, even as SWC continued to decrease and 

VPDs remained high (Fig. 1d & 2d), suggesting that the trees were maintaining a positive 

water status. Despite the similar responses in the xylem y over the growing season, the 

degree of the response did vary across species and site.  

Comparing Stem Water Potential between Co-occurring Species 

The combined morphological traits, such as leaf area to sapwood area ratio 

(Al/As) and physiological traits, such as gs, have strong impacts on plant water balance 

throughout the day (DeLucia et al 2000; Stout & Sala, 2003). When comparing P. 

menziesii to P. ponderosa, P. menziesii has higher leaf area to sapwood area ratio (Al/As) 

(Pinol & Sala, 2000; Stout & Sala, 2003); however, P. menziesii has much lower gs rates 

than P. ponderosa (Stout & Sala, 2003; Domec et al 2004). Previous work has 

demonstrated that these combined traits can result in similar plant water status for both 

species over the course of the growing season (Stout & Sala, 2003). These combined 

traits could explain the lack of difference between yMD for theses low elevation species. 
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At the high elevation site, we found strong evidence that P. englemannii maintained a 

consistently higher yMD than P. menziesii. The combined effects of Al/As and gs likely 

explain these differences. Previous experiments have demonstrated that P. englemannii 

displayed both a lower range and far lower overall rates of gs (DeLucia, 1987) than P. 

menziesii (Stout & Sala, 2003, Domec et al 2004). Additionally, AL/AS have been 

documented to be slightly higher in P. englemannii than P. menziesii (Kaufman & 

Troendle, 1981; Stout & Sala, 2003). Assuming the trees in our study had similar Al/As 

and gs rates as reported in the literature, the large differences in gs rates between species 

could override the effects of Al/As and account for the consistently higher yMD observed 

in P. englemannii.  

Nighttime transpiration can result in a disequilibrium between stem yPD and soil 

y (Donovan et al 2001, 2003; Kavanagh et al 2007) and differences in nighttime 

transpiration between species can cause differences in yPD, especially when nighttime 

VPDs are high (Dawson et al 2007). Indeed, P. ponderosa has been shown to have higher 

proportion of daily water loss occur at nighttime than P. menziesii (Dawson et al 2007). 

This may explain the increasing difference in yPD between P. menziesii and P. ponderosa 

(Fig. 1d). Nighttime transpiration is unlikely to be the main driving force for yPD 

differences at the high elevation site (Fig. 2d). Dawson et al (2007) showed that during 

low nighttime VPDs, transpiration rates were close to zero for many tree and shrub 

species. At our high elevation site differences between P. engelmannii and P. menziesii 

yPD are apparent even during cool, wet periods of the season when VPDs are at their 

lowest (Fig. 2b & d). At the high site, most of our P. engelmannii individuals were 
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located slightly downslope and closer to a stream-filled hollow than the P. menziesii 

individuals. Thus, it is possible that P. engelmannii was growing in soils with slightly 

higher SWC than what P. menziesii was growing in, which would explain the higher yPD 

measurements. Unfortunately, however, we did not account for these potential soil water 

differences in where our two high elevation species were growing 

The Effects of Rooting Depth on Tree Water Status 

The variation in rooting depth within and among different conifer species 

determines a tree’s access to water throughout the growing season (Ehleringer & 

Dawson, 1992), which can have strong impacts on plant water status (Jackson et al 2000). 

At the low elevation site, P. ponderosa and P. menziesii did not differ in their rooting 

depths. Tree xylem water d18O showed minimal differences between the two species (Fig. 

3a), suggesting they were utilizing similar soil water sources throughout the growing 

season. Both species appeared to rely on deeper water sources from soils that were either 

near 30-40 cm or lower. Previous work has demonstrated that P. ponderosa and P. 

menziesii occurring in xeric sites mainly relied on soil water deeper than 30 cm 

(Eggemeyer et al 2009; Domec et al 2004), which is consistent with our findings. Unlike 

the low elevation site, at the high elevation site, it is possible there were small differences 

in rooting depth between P. menziesii and P. englemannii. P. englemannii typically 

exhibits shallower root systems (Alexander, 1987), while P. menziesii occurring at mesic 

sites also has mostly shallow lateral roots, but can also express deeper roots (Oliver, 

1990), suggesting a slight potential for partitioning water use along the soil profile. 
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Furthermore, differences in water d18O at the different soil depths were small, but 

shallower soils were generally more enriched than deeper soils. Also, the variation of the 

soil d18O decreased with depth (Fig. 3b). At the same time, P. englemannii source water 

d18O was slightly more enriched and more variable than P. menziesii, suggesting that P. 

englemannii were using a mixture of shallow and deep soil water sources. P. menziesii, 

on the other hand, likely obtained a slightly higher proportion of its water from soil 

depths near 30 or 40 cm, as it displayed less variable and more depleted d18O. Overall, 

however, these differences were small an only detectable on certain dates. Thus, 

differences in rooting depth, if they do exist, are likely minimal at the high elevation site.  

Relating Stem Water Potential to Vulnerability 

Previous work showed that stomatal regulation to limit water loss is tightly 

coupled with xylem vulnerability to cavitation (Hacke et al 1995; Sperry & Hacke, 2002; 

Domec et al 2004). Under dry soil conditions, conifers that are more vulnerable to 

cavitation demonstrate a faster reduction in gs rates under high levels of ABA 

accumulation in their leaves than conifers that are less vulnerable to cavitation (Brodribb 

et al 2014). For our study species, previous work has shown that although P. ponderosa 

has higher gs rates than P. menziesii, P. ponderosa demonstrates a more dynamic 

regulation of gs than P. menziesii (Stout & Sala, 2003). As soils dry down, high level 

ABA accumulation in P. ponderosa needles could cause sharper declines in gs rates than 

P. menziesii. We observed that both species exhibited similar minimum yMD. If both 

species exhibited similar degrees of gs reduction, then we would expect P. ponderosa to 

reach more negative minimum yMD than P. menziesii due to P. ponderosa’s lower yPD. 
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However, below a yMD of -2 MPa P. ponderosa would experience substantial declines in 

conductivity. Thus, the similar minimum yMD values of P. ponderosa and P. menziesii 

are likely explained by P. ponderosa’s higher degree of stomatal regulation due to its 

more vulnerable xylem tissue (Fig. 5a). 

Since P. englemanii is more vulnerable to cavitation than P. menziesii, we would 

expect P. englemannii to exhibit a higher degree of stomatal regulation under increasing 

drought conditions due to higher sensitivity of stomata to ABA accumulation in the 

leaves. Though P. englemannii already has lower gs rates than P. menziesii, our results 

suggest that P. englemannii stomata are more sensitive than P. menziesii stomata. At the 

start of the dry period, the difference between the yMD of P. menziesii and P. englemannii 

increases over time (Fig. 2d), excluding the re-wetting period; suggesting that P. 

englemannii decreases its gs rates to a larger degree than P. menziesii under increased 

drought conditions. Since P. englemannii exhibits a more vulnerable xylem to cavitation 

than P. menziesii (Fig. 5b), the higher min yMD in P. englemannii is likely due to a 

combination of its lower gs rates and its higher regulation of gs to provide it with a 

relatively conservative strategy to maintain favorable xylem conductivity.  

Understanding the variation of hydraulic safety strategies between different tree 

species can reveal important insights into how these species cope with drought (Delzon & 

Cochard, 2014, Pockman & Sperry, 2000; Sperry & Hacke, 2002). At low elvations, P. 

menziesii is more conservative with its minimum yMD than P. ponderosa. P. ponderosa is 

well known for a having a large proportion of sapwood, with large water storage capacity 

(Stout & Sala, 2003) and can potentially draw upon this water source for transpiration 
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during dry periods, which P. menziesii, cannot do. If P. menziesii were to operate at a 

lower minimum yMD, it could deplete its sour water at unsustainable rates. Since it lacks 

the ability to store large portions of water, there could be negative effects on CO2 

assimilation and leaf water status during periods of prolonged drought. Thus, P. 

menziesii’s more conservative strategy would allow it to utilize water at slower rates at 

dry sites, which would contribute to its drought tolerance. Interestingly, both high 

elevation species demonstrate fairly conservative strategies with their minimum yMD in 

relation to their vulnerability. Dry years at the high elevation site could have significant 

impacts on shallow SWC and since P. englemannii is mainly shallow rooted, operating at 

a riskier minimum water potential could serve to deplete already low shallow SWC. 

Thus, P. englemannii’s less negative yMD could be an adaptive trait to help the species to 

maintain a favorable water balance during drought. Though there is no change from low 

elevation to high elevation P. menziesii in minimum yMD, this static response could offer 

advantages at the high elevation site. A less vulnerable xylem would allow P. menziesii to 

operate at lower minimum yMD and grow for longer periods of time (Martin et al 2017), 

offering it a potential advantage during dry times, compared to P. englemannii.  

Other Factors that Explain Variation to Cavitation 

There is likely a trade-off between hydraulic efficiency under favorable soil water 

conditions and vulnerability to cavitation when plants experience drought (Zimmermann, 

1983; Sobrado, 1993; Alder et al 1996). Indeed, it has been shown that there is a 

correlation between increased Ks and increased vulnerability to cavitation (Cochard et al 
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1994). Unfortunately, since we did not fully account for proportion of non-conducting 

xylem tissue in our stem measurements we could not accurately assess maximum Ks. 

However, Domec et al (2004) did find that P. ponderosa had higher maximum Ks than P. 

menziesii, suggesting that higher conductivity in P. ponderosa could offer advantages for 

when SWC is high, such as increased CO2 assimilation and increased growth. Maximum 

Ks values have not been reported for P. englemannii; however, having a higher Ks (due to 

a more vulnerable xylem) in combination with a higher AL/AS would allow for more 

water flow throughout the tree. These traits would likely allow for more CO2 assimilation 

and growth under favorable SWC than P. menziesii.  

Concluding Remarks 

One of the most interesting findings is the lack of difference in vulnerability to 

cavitation between P. ponderosa and P. englemannii. While both of these species can 

utilize their hydraulic traits to take advantage of source water when it is available, P. 

ponderosa’s traits provide it with far greater drought resistance. P. ponderosa’s low 

Al/As, combined with higher stomatal sensitivity provide the species with the ability to 

limit water loss during times of stress. Furthermore, P. ponderosas’ deep tap roots and 

means of storing water allow the species to operate at a lower minimum yMD and meet 

transpiration needs even during periods of intense drought. P. englemannii, however, 

exhibits a high Al/As ratio and relies on shallow soil water. During periods of drought, 

low shallow SWC would cause P. englemannii to exhibit a conservative water use 

strategy to ration water due to it more vulnerable xylem and higher Al/As. Its inability to 

access deeper soil water, more vulnerable xylem, and higher Al/As would effectively 
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inhibit the species from growing at drier sites. Interestingly, P. menziesii exhibited a 

static response in the traits we measured as we moved across sites. These traits could 

provide it with advantages when comparing it the other species it occurs with. At the low 

elevation site a less vulnerable xylem, and lower gs rates would allow P. menziesii to 

effectively maintain a slow, but steady loss of water over the course of the growing 

season. At the high elevation site its slightly deeper roots would provide a more 

consistent water supply, while its higher gs rates and less vulnerable xylem would allow 

the species to operate at a more negative water potential, thus allowing more growth and 

carbon assimilation even during dry condition. 
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Tables 
 
Table 2.1. Summary statistics for regression coefficients for modeling yx as a function of 
VPD. 
 

Coefficient Estimate SE Lower CI Upper CI 
Intercept (bo) - 0.57 0.03 - 0.62 - 0.52 
log(VPD) (b1) - 0.74 0.03 - 0.80 - 0.69 

P. ponderosa (b2) - 0.26 0.04 - 0.33 - 0.19 
low P. menziesii (b3) - 0.20 0.04 - 0.28 - 0.14 
high P. menziesii (b4) - 0.23 0.04 - 0.30 - 0.16 
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Table 2.2. Estimates for 50% loss of conductivity (P50) for tree species by site. 
 

Species Estimated P50 SE Lower CI Upper CI 
Low PIPO 

 
-3.82 0.19 - 4.25 - 3.40 

Low PSME 
 

-4.93 0.07 - 5.10 - 4.76 

High PIEN 
 

-4.06 0.07 - 4.23 - 3.89 

High PSME -4.79 0.33 - 5.12 - 4.46 
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Table 2.3. Estimated difference between 50% loss of conductivity (P50) for each pair-wise 
tree type comparison. Estimated differences, confidence intervals, and p-values were 
calculated using the Tukey Honest Significant Difference method. 
 

Species Comparison Estimated P50 
Difference 

Lower CI Upper CI p-value 

Low PIPO – Low PSME 
 

1.11 0.62 1.60 p < 0.001 

Low PIPO – High PIEN 
 

0.23 -0.26 0.73 p = 0.59 

Low PIPO – High PSME 
 

0.97 0.62 1.60 p < 0.001 

High PIEN – Low PSME 
 

0.88 0.38 1.37 p < 0.001 

High PIEN – High 
PSME 

 

0.73 0.24 1.23 P < 0.001 

High PSME – Low 
PSME 

0.15 -0.35 0.64 p = 0.86 
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Figures 

 

 
 
Figure 2.1. Low elevation site climate and y data. Daily average time series of the low 
elevation site for temperature and relative humidity (a), atmospheric vapor pressure 
deficit and precipitation (b), and volumetric soil water content (c) during the study 
period. To remove noise, 5-day running averages were used on all environmental time 
series except precipitation. The final panel (d) represents average growing season pre-
dawn and mid-day yx (n = 8 trees) for each species with error bars representing ± 2 SEM. 
Labels are: PIPO = Pinus ponderosa, PSME = Pseudotsuga menziezii 
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Figure 2.2. High elevation site climate and y data.  Daily average time series of the high 
elevation site for temperature and relative humidity (a), atmospheric vapor pressure 
deficit and precipitation (b), and volumetric soil water content (c) during the course of 
study period. Due to missing data, we have interpolated estimates of relative humidity, 
temperature, and vapor pressure deficits for day of year 227 to 257. Precipitation data is 
also missing during this time period. To remove noise 5-day running averages were used 
on all environmental time series except precipitation. The final panel (d) represents 
average growing season pre-dawn and mid-day yx (n = 8 trees) for each species with 
error bars representing ± 2 SEM. Labels are: PIEN = Picea englemannii, PSME = 
Pseudotsuga menziezii 
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Figure 2.3. Growing season xylem water d18O data for each site. Growing season average 
xylem water d18O (n = 8 stems) for each species at the low elevation site (a) and the high 
elevation site (b) with error bars representing ± 2 SEM. For reference, dashed lines 
represent the average soil water d18O of the 2013, 2014, and 2015 growing season; where 
the grey, brown, red, and blue lines represent 10, 20, 30 and 40 cm, respectively. In panel 
a, the average d18O is -12.17 ± 0.71 (SE) ‰ for 10 cm, -13.85 ± 0.51 (SE) ‰ for 20 cm, -
14.95 ± 0.77 (SE) ‰ for 30 cm, and -14.37 ± 0.80 (SE) ‰ for 40 cm. In panel b, the 
average d18O is -14.90 ± 0.57 ‰ (SE) for 10 cm, -15.23 ± 0.42 ‰ (SE) for 20 cm, -15.86  
± 0.40 ‰ (SE) for 30 cm, and -15.70 ± 0.34 ‰ (SE) for 40 cm. 
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Figure 2.4. Relationship between VPD and stem xylem water potential. The estimated 
relationship between VPD (kPa) and pre-dawn and mid-day stem water potential 
measurements collected over a range of VPDs that occurred throughout the study period. 
Points represent the mean of each tree type (n=8 trees) per sampling with error bars 
representing ± 1 SEM. Lines represent the modeled negative logarithmic relationship for 
each tree species. 
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Figure 2.5. Species vulnerability curves. The percent loss of xylem specific conductivity 
(Ks) of stem samples (n = 8) as a function of water potential for each species for the low 
elevation (a) and high elevation (b) sites. Solid lines depict the fit of the negative 
sigmoidal curve by non-linear least squares regression for each tree type. 
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Introduction 

Climate change across the mountainous western United States is bringing 

considerable changes in temperature and precipitation to the region (Mote et al 2005), 

resulting in decreased spring snow accumulation (Mote et al, 2005; Pederson et al 2013), 

earlier spring snowmelt (Stewart et al 2005), increases in the fraction of precipitation 

occurring as rain (Seth et al 2013), and lengthening of the summer drought season 

(Westerling et al 2006; Pederson et al 2013). Previous studies have demonstrated that 

many species occurring in western forests are sensitive to changes in precipitation 

patterns and temperature (Hidalgo et al 2001) and that some of these changes may bring 

considerable shifts to forest community structure (Dale et al 2001; Fellows and Goulden, 

2008). Dendrochronology, in particular, has offered invaluable insights into how and why 

these changes have occurred. Many studies have examined how tree ring chronologies of 

conifers have responded to variation in snowpack, spring temperatures, and summer 

drought (Peterson & Peterson, 1994; Miyomota et al 2010, Pederson et al 2010, Pederson 

et al 2013). Thus, they have been highly valuable for inferring how productivity and 

growth relates to climate; however, they do not provide much additional knowledge on 

other physiological processes occurring with trees. For instance, other physiological traits 

such as rooting depth, stomatal conductance (gs), transpiration (E), and water use 

efficiency (WUE) cannot be inferred from tree ring width data. The oxygen isotopes 

(18O/16O) of cellulose, however, have proven to be a useful alternative to understanding 

how some of these physiological processes occurring within trees can be influenced by 

climate.  



 
 

49 

Isotope-Climate Theory 

Typically, the stable oxygen isotope ratio, 18O/16O, is expressed using d notation 

(units of per mil, ‰) and is calculated as: 

d18O (‰) = [(Rsample/Rstandard) – 1] x 1000    (Eqn 1) 

where Rsample and Rstandard are the molar ratios of 18O/16O for the sample and the standard 

(V-SMOW), respectively.  

The oxygen isotopic composition of cellulose in whole wood tree rings (d18Owc) 

has been shown to be mostly related to the d18O of the source water taken up by the trees, 

which is due to the lack of fractionation of plants to source water uptake (Anderson et al 

1998; Robertson et al 2001). As such, many studies have linked the d18O of the meteoric 

water source, such as rain, snowmelt, and fog, to d18Owc (Yapp & Epstein, 1982; White et 

al 1994; Roden & Ehleringer, 2007). However, d18Owc values have also been linked to the 

environmental conditions in which that tree is growing under. For example, both high 

temperature and low relative humidity, which result in high vapor pressure deficits 

(VPDs), can cause evaporative enrichment of d18O in tree leaves, which can lead to 

enrichment of d18Owc (Burk & Stuvier, 1981; Roden & Ehleringer, 1999a). Controlled 

experiments have demonstrated that if the isotopic composition of tree source water is 

controlled and the relative humidity is altered, then d18Owc can track shifts in relative 

humidity (Roden & Ehleringer, 1999a; Roden et al 2000). Alternatively, if the relative 

humidity is maintained at a constant state and the d18O of the source water is changed 

then d18Owc reflects the changes in source water (Roden & Ehleringer, 1999b). These 

controlled experiments have allowed for the development of a mechanistic model to 
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describe the controls on d18Owc. The model incorporates the effect of leaf water 

enrichment and source water in determining the d18Owc as well possible species 

differences (Roden et al 2000). Thus, following Roden et al (2000) the d18Owc is 

expressed as: 

  d18Owc = f * (d18Osw + e) + (1-f) * (d18Olw + e)  (Eqn 2) 

where f is the mixing ratio, but can vary between species, d18Osw represents the isotopic 

composition of the source water, d18Olw represents the isotopic composition of the leaf 

water, and e (27 ‰) is the fractionation factor associated with cellulose synthesis 

(Sternberg & Deniro, 1983). However, in most natural systems, both source water d18O 

and relative humidity do not remain constant and d18Owc will likely reflect shifts in both 

source water and changes in relative humidity.  

Influence of Climate on d18Owc 

In the temperate montane forests of the Northern Rockies, the majority of annual 

precipitation comes in the form of winter and early spring snowfall. However, large 

inputs of precipitation can also come in the fall and early summer months. Due to 

Rayleigh fractionation processes that occur, winter precipitation is more depleted in 18O 

(more negative d18O values), while fall and late spring/summer precipitation is more 

enriched (Dansgard, 1964) (less negative d18O values). The differences in the isotopic 

composition of potential source waters should be recorded in the d18Owc if the trees can 

access the different water sources. For example, years with a large snowpack can result in 

isotopically depleted d18Owc if trees rely on this water source during cellulose formation; 
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alternatively, years with large summer rains can result in more isotopically enriched 

d18Owc if trees use summer rains more. However, it can be difficult to track source water 

if trees are using a combination of both.  Furthermore, the effects of summer VPD can 

further confound the interpretation of d18Owc. For instance, studies have shown that high 

VPDs, common in dry summers, can cause enriched leaf water, and result in an enriched 

d18Owc signal, despite using isotopically depleted source water. Thus, separating out the 

effect size of the summer VPD and summer precipitation during intermediate dry 

summers years could be difficult (Roden et al 2005).  

While d18Owc has been proposed as a powerful tool for reconstructing tree 

ecophysiological responses to source water or atmospheric humidity, untangling these 

two climate signals can be difficult.  For instance, a very depleted d18Owc could occur 

under two different conditions: 1) a high snow pack year followed by a low VPD 

summer, where trees are using primarily snowmelt as a major water source and leaf water 

enrichment is low, 2) a low annual precipitation year with low summer VPD, where trees 

are relying on deeper more depleted soil water. Contrarily, a very enriched d18Owc signal 

could be caused by multiple factors: 1) an extremely hot and dry summer that causes high 

levels of leaf water enrichment in the d18Owc, regardless of source water use, 2) low 

inputs of fall and winter precipitation, but an extremely wet summer where trees use 

more enriched summer rains, or 3) greater reliance on antecedent fall precipitation 

combined with a dry winter and a hot and dry summer exacerbating the enrichment. Most 

years, however, reside between these extremes, resulting in more intermediate d18Owc 

values, making interpretation the influence of climate on d18Owc more difficult.  



 
 

52 

Objectives 

In this study, we aimed to elucidate the climate controls on d18Owc by 

investigating the inter- and intraspecific variation of d18Owc of three dominant conifers of 

the Northern Rockies; Pseudotsuga menziesii (Douglas-fir), Pinus ponderosa (ponderosa 

pine) and Picea englemannii (Engelmann spruce), occurring at a low elevation xeric site 

and a high elevation mesic site for the last 101 years. We expected the low elevation 

forests composed of P. ponderosa and P. menziesii to have a high correlation to summer 

VPDs, due to their reliance on deeper soil water sources due to their deeper root systems 

(Oliver, 1990; Herman & Lavender, 1990), while we expected the high elevation species 

at the mesic site composed of Picea engelmannii and Pseudotsuga menziesii to display 

less correlation with summer VPDs due to their reliance on more variable shallow soil 

water d18O (Alexander, 1987; Hermann & Lavender, 1990). Thus, we sought to first 

quantify which climate factors most affect tree ring cellulose d18O for our low elevation 

(xeric) and high elevation (mesic) sites through modeling efforts. Our second objective 

was to investigate how d18Owc varied across species occupying the same site and if this 

variation could be explained by differences in species-specific sensitivity to climate. Our 

third objective was to quantify if there were any decadal patterns in the d18Owc and if 

these patterns could be attributed to changes in climate.  

Materials and Methods 

Site Location and Sampling 
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This study was conducted at the Lubrecht Experimental Forest (LEF), a semi-arid 

mixed coniferous forest located in western Montana. To capture a hydrometerological 

gradient associated with elevation, we selected two south facing subcatchments from low 

(1280 m a.s.l.) and high elevation (1800 m a.s.l.) within the North Folk of the Elk Creek 

watershed. The south facing, low elevation site is characterized by the presence of 

Pseudotsuga menziesii and Pinus ponderosa while the high elevation site is characterized 

by Pseudotsuga menziesii and Picea engelmannii. PRISM data (Northwest Alliance for 

Science and Engineering, 2018) shows the lower elevation site is characterized by warm-

dry conditions with most precipitation occurring as winter snowfall. The high elevation 

site represents a mesic site, as it is characterized by cool-wet conditions with high annual 

precipitation mostly occurring during the winter (Fig. 1).  

To control for topographic variation and influence of hydraulic catchments, we 

only sampled trees that occurred on divergent side slopes. At each site, we randomly 

selected three healthy trees that were over 100 years old from the dominant species for 

tree ring analysis. To insure sufficient material for cellulose purification, we collected 

four tree cores form the four cardinal directions at breast height of each study tree. Tree 

cores were collected using a 5.5 mm diameter increment borer. To date each tree, 

additional tree cores were collected from the upslope side of the trees. Tree cores were 

then dated and the ring-widths were measured to nearest 0.001 mm. Tree were then cross 

dated using the dplR program (Bunn et al 2017) in R (R-core team, 2018) using skeleton 

plots and cross correlation analysis using the “xskel.ccf.plot” function.  

α- Cellulose Extraction and Purification 
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Cellulose extraction and purification was performed using a modified version of 

the Brendel method (Brendel et al 2000; Anchukaitis et al 2008). Annual rings from each 

cardinal direction were excised with a scalpel with the aid of a 10-40X dissecting scope. 

We then pooled together the annual rings from each cardinal direction and used scissors 

to cut up the rings to small almost powdery segments. For each pooled tree ring, we 

weighed out 5-10 mg of wood into 2.0 ml microcentrifuge tubes. Then for each 

centrifuge tube containing the raw wood sample, we added 360 µL of acetic acid, 

followed by 36 µL of nitric acid. The centrifuge tubes were then capped and then placed 

on a heating block set for a temperature between 119oC and 124oC for 30 minutes, or 

until the wood samples turned translucent. Samples were mixed every five minutes to 

improve the reaction.  

To purify the cellulose, a series of ethanol and DI washes was used. Samples were 

removed from the heating block and centrifuged at 10,000 rpm for 7 minutes. The acid 

supernatant was then decanted off. 500 µL of ethanol was then added to each tube. The 

samples were then capped and vortexed vigorously for approximately 30 seconds to 

break up the wood. The samples were again centrifuged at 10,000 rpms for 7 minutes. 

The supernatant was then decanted off and the washing process was performed again 

with DI water. The ethanol and DI washing steps were then repeated once more. After the 

final DI wash, two final washes using 300 µL of ethanol and 300 µL of acetone were 

performed in similar fashion to the other washes; with the exception of the vortexing 

step. After the acetone supernatant was decanted off the samples were placed in a heating 

oven at 58oC for approximately 24 hours. 
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To obtain d18Owc values for the α- cellulose we weighed out approximately 0.28-

0.32 mg of the purified cellulose into 3.5mm diameter silver tins. We then shipped the 

samples to the University of California Berkley’s Center for Stable Isotope 

Biogeochemistry where d18O values were determined in continuous flow (CF) using an 

Elementar PYRO Cube interfaced to a Thermo Delta V mass spectrometer. 

Statistical Analysis 

To understand the influence of climate on the tree ring cellulose d18O, we used the 

PRISM data set, from the PRISM climate group (PRISM-Northwest Alliance for Science 

and Engineering, 2018). Each of the two selected sites fell under two distinct four km 

cells. The 4 km grids yield annual climate data with monthly resolution within each year 

dating back to 1895. For the years 1915 to 2015 monthly values of precipitation (mm) 

and minimum and maximum vapor pressure deficit (VPD, hPa) were obtained for each 

month for every year. For each year, we then averaged minimum and maximum VPD for 

each month to obtain an estimate for mean VPD.  

To investigate the effect of climate on the tree ring cellulose d18O, we grouped the 

climate data into three distinct seasons; a fall precipitation season that precedes the 

following years growth, a snow precipitation season, and a summer season. At the low 

elevation site the fall precipitation season was defined as the three-month average of 

precipitation for September, October, and November (SON ppt). Previous work has 

shown that growth in montane forests is minimal by the end of August (Martin et al 

2017), thus September precipitation should have a minimal influence on the current 

year’s d18Owc. A nearby SNOTEL station (site 604, data not shown) showed that 
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precipitation in the month of October comes mostly as rain. November can receive both 

rain and snow; however, SNOTEL data revealed that most November snowfall usually 

melted off before significant accumulation. The winter season was defined as the five-

month average of precipitation values for the months of December to April (DJFMA ppt). 

SNOTEL data revealed, for the years available, that snow accumulation typically started 

in December and reached its maximum snowpack in either late March or early April. 

Though April can receive both rain and snow, the snowpack can persist into the middle to 

late parts of the months. Additionally, large snow events were common in April at the 

low elevation site. The summer season was defined as the average of May-August for 

both precipitation (MJJA ppt) and VPD (MJJA VPD), both factors that can affect d18Owc 

(Roden & Ehleringer, 2007). At the high elevation site, the average of September to 

October precipitation (SO ppt) was used for the fall season, while the average of 

November-April precipitation (NJFMA ppt) was used for the winter season. A high 

elevation SNOTEL station (site 657) showed that snow accumulation typically started 

earlier in November, while most snow pack was gone by late April or early May. The 

summer season was defined the same as the low elevation site. 

We used the “Dredge” function from the “MuMin” package in R (Bartoń, 2018) 

to investigate the relationship between d18Owc and our climate data. Dredge operates by 

subsetting a saturated or maximum model into smaller models and then ranks the 

inclusion of explanatory variables into different models through Akaike’s Information 

Criteria (AIC). For the saturated model for “Dredge,” we used a mixed effect model 

where we controlled for random effects associated with each individual tree using the 
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“lme” function from “nlme” package (Pinheiro et al 2017). From “Dredge” output, the 

most parsimonious model that was within D2 AIC score of the top model was then 

chosen as the final model. After we obtained our final model we then assessed the 

importance of each explanatory variable in explaining the variation in our d18Owc data 

using AIC ranking and R-squared values. Model additions that reduced the AIC score by 

more than two were considered to provide greater support over the model it was being 

compared to.  

We also made use of the “treeclim” package (Zang and Biondi, 2018) to 

understand how the correlation d18Owc to our environmental variables varied under a 

twenty-year moving average window, where twenty-year moving averages of the mean 

d18Owc for each species is compared to twenty year moving averages of the climate data 

of interest. The package uses a bootstrap resampling method to test for the significance of 

the correlations of the moving window. 

Results 

Site Hydroclimate 

Overall, the lower elevation site experienced less precipitation and higher VPDs 

for all months than the high elevation site. Large differences in precipitation were 

apparent from November through June, while there were minimal differences for the 

latter summer months (July to August) and the early fall months (September to October). 

VPD was consistently higher at the low elevation site than the high elevation site (Figure 
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1b). Overall, PRISM data shows the low elevation site was drier and hotter than the high 

elevation site. 

Tree Ring Cellulose d18O Analysis 

At the low elevation site, across the time series, when accounting for the random 

effects of the individual measured trees, P. ponderosa d18Owc was more enriched than P. 

menziesii (p = 0.012, type II F-test). Mean tree ring cellulose d18Owc was 27.01 ± 0.35 

(SE) ‰ and 24.84 ± 0.50 (SE) ‰ for P. ponderosa and P. menziesii, respectively (Fig. 

2a). At the high elevation site, across the time series we found no evidence that P. 

engelmannii and P. menziesii differed in their d18Owc when we controlled for the random 

effects associated with the individual trees (p = 0.2, type II F-test). Mean tree ring 

cellulose was 27.60 ± 0.93 (SE) ‰ and 26.38 ± 01.31 (SE) ‰ for P. engelmannii and P. 

menziesii, respectively (Fig. 2b).  

Linear Regression 

The top model we chose from the dredge output for predicting tree ring cellulose 

d18O was: 

d18O = b0 + b1(Ispecies = P. menziesii) + b2(MJJA ppt) + b3(MJJA VPD) + b4(SON ppt) + 

b5(DJFMAppt) + (random|tree),    (Eqn 3) 

where MJJA = May – August, SON = September – November, DJFMA = December – 

March, ppt = precipitation, VPD = vapor pressure deficit, Ispecies = 1, if else = 0, where 

Ispecies is an indicator variable for tree species and “tree” represents the random effect 

associated with each study tree. Summary statistics for model are provided in Table 1.  
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We found strong evidence that d18Owc was influenced by species and climate. 

Across the time series, we found the estimated mean response of P. menziesii d18Owc was 

-2.17 ± 0.50 (SE) ‰ lower than P. ponderosa (p < 0.012, type II F-test). We found strong 

evidence that MJJA ppt was negatively correlated with d18Owc (slope = -0.041 ‰ mm-1, p 

< 0.001, type-II F-test). There was strong evidence that SON ppt was positively 

correlated with d18Owc (slope = 0.015 ‰ mm-1, p < 0.001, type II F-test). There was good 

evidence that DJFMA ppt was negatively correlated with d18Owc (slope = -0.028 ‰ mm-1, 

p < 0.001, type II F-test). Finally, we found that MJJA VPD was negatively correlated 

with tree ring cellulose d18O (slope = -0.225 ‰ kPa-1, p < 0.001, type II F-test). 

 At the high elevation site, the top model for predicting d18Owc was: 

d18O = b0 + b1(MJJA ppt) + (random|tree),   (Eqn 4) 

where MJJA = May – August, and ppt = precipitation, Ispecies = 1, if else = 0, where Ispecies 

is an indicator variable for tree species and “tree” represents the random effect associated 

with each study tree. Summary statistics for model are provided in Table 2.  

We found strong evidence that d18Owc was influenced by only climate, but not 

species. Across the time series, after accounting for the random effect associated with 

each measure tree, we found strong evidence that MJJA ppt was negatively correlated 

with d18Owc (slope = -0.030 ± 0.004 (SE) ‰ mm-1, p < 0.001, type II F-test).  

Model Comparisons 

At the low elevation site, our model comparisons revealed that all of our 

variables, except for species, improved the model. However, most variables only resulted 
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in marginal decreases in the AIC score and marginal gains in the R-squared value (Table 

3). MJJA ppt and DJFMA ppt were the two most important variables for determining 

d18Owc at the low elevation site, which explained 2.1 % and 2.5 % of the variation over 

the previous model, respectively. They also resulted in the largest decreases in the AIC 

score, where MJJA ppt and DJFMA ppt resulted in AIC score decreases of 13.43 and 

20.02, respectively. Interestingly, MJJA VPD was only important after MJJA ppt was 

accounted for. However, both of these variables were correlated (R2 = 0.50, p < 0.001). It 

is likely that the unexplained variance between MJJA ppt and MJJA VPD allows MJJA 

VPD to add additional explanatory power after MJJA ppt has been accounted for. At the 

high elevation site we saw that MJJA ppt was a good predictor of d18Owc, as it explained 

60.3% of the variation in the data, a 6.9% improvement over the intercept only model. 

Additionally, its AIC score was 52.6 lower than the intercept only model (Table 4). 

Twenty Year Moving Average Analysis 

 At the low elevation site, both species displayed mostly weak and inconsistent 

correlations with the d18Owc data across the time period (Fig. 3). At the high elevation 

site, both species displayed consistent strong negative correlations with MJJA ppt as well 

as consistent strong positive correlations with MJJA VPD (Fig. 4). The strong negative 

correlations between MJJA ppt and MJJA VPD (r = 0.5) would likely explain why we are 

seeing these relationships.  d18Owc at the high elevation site displayed no strong 

correlations with SO ppt or NDJFMA ppt. 

 At the low elevation site, our twenty-year moving average for the d18Owc data 

showed a sharp decline in the d18Owc data starting in the early 1970s for both species and 
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ending in the early 1980s (Fig. 5b). Post 1980, P. menziesii experienced stronger 

correlations with MJJA ppt, DJFMA ppt, and SON ppt than pre-1980 (Fig. 3a). However, 

post 1980, P. ponderosa only experienced a stronger correlation with SON ppt than pre-

1980. Post 1980, P. ponderosa did display correlations with MJJA ppt and MJJA VPD 

(Fig. 3b). Overall, no individual climate variable could account for the sharp decline 

apparent in both species (Fig. 3, 5a & 5b). At the high elevation site, d18Owc remained 

relatively stable with moderate declines occurring toward the beginning of the 2000s for 

both species (Fig. 6b); however, there was considerable error in the measurement for P. 

menziesii. No single climate variable appeared drive this decline for either species (Fig. 4, 

6a & 6b). 

Discussion 

Rooting depth should have a strong influence on d18Owc because it affects a tree’s 

ability to access different seasonal precipitation inputs (Eheringer and Dawson, 1992). 

Typically, deeper soil water is more depleted in 18O than shallow water due to snowmelt 

recharge (Barnes & Allison, 1983) and evaporative effects (Tang & Feng, 2001). Across 

the mountain west, trees occurring in xeric forests typically display deeper root systems 

and a greater reliance on deeper water sources (Domec et al 2004), while trees growing in 

more mesic sites typically display shallower roots and greater reliance on shallow water 

(Schenk & Jackson, 2002, Fan et al 2017). It has been suggested that deep rooted plant 

species may display a degree of dimorphism in the activity of their root structure where 

shallow root activity will depend on the availability of shallow soil sources, while the 



 
 

62 

deep roots in wetter soils will maintain constant high activity (Ehleringer & Dawson, 

1992). Hence, it follows, that in dry forests where there is considerable variation in 

shallow water resources, trees should rely on deeper and less variable d18O source water. 

Thus, the d18Owc should be more reflective of the atmospheric conditions of the growing 

season. Contrarily, we would expect shallow rooted trees in mesic sites to have more 

variable source water due to shallow soil water being more variable in its d18O. 

Therefore, d18Owc should be neither reflective of source water or the atmospheric growing 

conditions of the summer. Interestingly, our study contradicted these expectations.  

Climate Effects on Tree Ring Cellulose 

At the low elevation site, we found significant relationships between d18Owc and 

precipitation from different seasons as well as d18Owc and VPD, suggesting that d18Owc 

was recording both shifts in source water and the influence of the atmospheric conditions. 

At the high elevation site, we found that d18Owc was primarily recording the influence of 

MJJA ppt, but to a higher degree than the low elevation site. Overall, our results agree 

with other studies in showing the utility of d18Owc in recording historic source water and 

the atmospheric growing conditions (Roden & Ehleringer, 2007; Csank et al 2016; 

Szejner et al 2017; Edwards & Fritz, 1986).  

Low Elevation 

At the low elevation site trees were likely reflecting the atmospheric humidity 

they were growing in. Interestingly, this was not reflected in a positive relationship 
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between MJJA VPD and d18Owc as expected, but rather was reflected in the negative 

relationship between MJJA ppt and d18Owc. With higher amounts of precipitation, we 

found that the summer growing season was typically cooler and more humid. This would 

explain why there was less leaf water enrichment associated with greater amounts of 

summer precipitation. Other studies have shown that cooler and wetter growing seasons 

can result in less leaf water enrichment, which can be recorded in the cellulose (Szejner et 

al 2017, 2018; Roden et al 2005; Marshall & Monserud, 2006).  Furthermore, Fox (1984) 

noted that heavy amounts of litter in in P. ponderosa forests can effectively intercept 

most summer rain events, preventing most rain events from reaching the shallow soil 

layers. It’s possible that if rain is distributed evenly throughout the summer, the enriched 

rain may not be reaching the active roots at all, and the rain would only result in less leaf 

water enrichment. Thus, MJJA ppt likely influenced d18Owc by decreasing MJJA VPD, 

and it is through this mediation of summer VPD which caused higher summer 

precipitation to result in more depleted d18Owc.  

Oddly, the negative relationship of VPD to d18Owc is opposite of what we would 

expect. Typically, higher VPDs are correlated with more enriched d18Owc values. Since 

the MJJA VPD and MJJA ppt were partially correlated (r2 = 0.5), it is possible that the 

MJJA VPD was describing the availability of summer rains for growth. Additional data 

from the same site show that sufficiently large summer precipitation inputs combined 

with low summer VPDs lead low elevation trees to use enriched summer precipitation 

(Clute et al 2018, first chapter). P. ponderosa and P. menziesii have been documented to 

maintain active shallow roots that can utilize shallow water when the conditions are 
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appropriate (Oliver, 1990; Herman & Lavender, 1990). Additionally, the use of shallow 

enriched summer precipitation, when available, has been well documented in deep-rooted 

plants (Weltzin & McPherson, 1997, West et al 2007a). However, the ability of a tree to 

use these enriched summer rains will likely depend on the intensity of the event (West et 

al 2007a, 2007b). Ultimately, this VPD result must be interpreted with caution due to its 

low improvement of the model. It is likely that only large and intense large summer rain 

events combined with low VPDs are leading to the use of enriched summer rains, 

although we are unable to directly test this given the monthly resolution PRISM dataset.  

Fall and winter precipitation were found to be important water sources for our low 

elevation trees; however, winter precipitation was found to be a more important water 

source. The relatively small effect size of SON ppt on d18Owc would imply this 

precipitation input had minimal effects on our trees source water. This is likely because, 

as expected, these trees are mainly using more depleted ground water sources; previous 

work has shown that the same species growing in similar dry environments are more 

reliant on deeper ground water sources (Domec et al 2004; Eggemeyer et al 2009). The 

use of stored previous fall precipitation has been documented in trees at the beginning of 

the growing season, while snow is still melting (Waring et al 1979; Treydte et al 2014) 

and could explain the small positive relationship we observed. However, other studies 

have shown that even in late fall, low elevation forests derive most of their water sources 

from deeper soils (Clute et al 2018, first chapter; Treydte et al 2014). Thus, only 

excessively wet falls may be driving this small relationship. It is likely that DJFMA ppt is 

an important water source for trees due to its moderately high impact on d18Owc. Studies 
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have found that winter precipitation signals are apparent in source water throughout most 

of the growing season (Treydte et al 2014). This is most likely due to the fact that deeper 

ground waters are mostly replenished from winter snowmelt, where deep water sources 

are isotopically similar to snow melt (Tang & Feng 2001) The negative relationship could 

be due to enrichment of the snowpack during drier winters (Csank et al 2016).  

At the low elevation site, trees reflected the atmospheric condtions they were 

growing in and they showed heavy reliance on deeper soil water, which was likely 

derived from snowmelt. However, our data suggest that in some years, fall precipitation, 

and summer precipiation were also important water sources for trees. In most years, deep 

rooted trees growing in temperate regions will use some combination of stored fall 

precipitation, winter snowmelt/deep water, and summer precipitation during the growing 

season, as several studies have demonstrated (Clute et al 2018, first chapter; Treydte et al 

2014; Weltzin & McPherson, 1997). However, year to year variability in the soil 

infiltration of different precipitation events (i.e. availability of these different 

precipitation types), and duration of use of these different precipitation types (if they are 

available) is not possible to reconcile with our climate data.  

High Elevation 

 At the high elevations site, we found that trees were strongly reflecting the 

atmospheric conditions that they were growing in. As with the low elevation site, this was 

not reflected in a positive relationship between MJJA VPD and d18Owc as expected, but 

rather was reflected in the negative relationship between MJJA ppt and d18Owc, 
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suggesting that years with higher MJJA ppt occurred during cooler summers, resulting in 

less leaf water enrichment and ultimately more negative d18Owc. 

 The greater sensitivity of our high elevation trees to the atmospheric conditions 

would imply that the trees either have a more consistent source water or they are more 

tightly coupled to the atmosphere than the trees at the low elevation site. Initially, we 

expected high elevation trees to display less sensitivity to the atmospheric conditions due 

to more variable source water than trees at the low elevations site. High variability of 

shallower soil water has well been documented, as previous studies have shown that 

shallow soil water d18O is composed of a mixture of winter snowmelt and input of 

enriched summer rains, which is then influenced by evaporative enrichment (Walker & 

Richardson, 1991; Tang & Feng, 2001, O’Driscoll et al 2005). The degree of mixing and 

evaporative enrichment could vary considerably within a year, which could explain why 

we see no evidence for a DJFMA ppt effect or any evidence for what we would expect 

from a MJJA ppt effect. It is more probable that our high elevation trees are more tightly 

coupled with the atmosphere than the low elevation trees. Previous studies have shown 

that transpiration in high elevation trees is more tightly coupled with the atmosphere than 

low elevation trees (Barnard et al 2017). Additionally, the relatively cooler and wetter 

conditions at our high elevation site could allow our high elevation trees to be less water 

limited than the low elevation trees. This could allow the high elevation trees’ leaf level 

processes, such as stomatal conductance and transpiration to be more influenced by the 

atmospheric conditions than the soil conditions (Bonan et al, 2014). Trees displaying 

transpiration that is more coupled with the atmosphere may display a higher degree of 
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leaf water enrichment effects for the entire summer than trees that are less coupled with 

the atmosphere, which would explain our results for the high and low elevation sites.  

Species Effects 

At our low elevation site, P. ponderosa was consistently more enriched than P. 

menziesii, which is in agreement with other studies examining the same species (Marshall 

& Monserud, 2006). Possible explanations for these species effects include differences in 

rooting depth (Marshall & Monserud, 2006), and fractionation differences in the steps 

between sugar synthesis in the leaves and cellulose synthesis and incorporation into 

xylem tissue. Our modeling efforts did not find any species interactions with the 

precipitation or VPD data, implying there were no detectable differences between leaf 

water enrichment and source water (which would imply rooting depth differences) 

between the two species. It is likely that the two species have differences in the 

fractionation steps between sugar and leaf level cellulose synthesis and cellulose 

incorporation into the xylem. At the high elevation site, we found no evidence that P. 

engelmannii and P. menziesii differed in the d18Owc, implying there were no differences 

in source water, leaf enrichment effects, or fractionation between the two species. 

However, results at both sites, especially the high elevation site, should be interpreted 

with caution due to the low sample size. 

Twenty-Year Analysis 

Across the last 100 years, noticeable decadal patterns of hydroclimate were 

observed at both elevation sites. We attribute these decadal patterns to shifts in the soil 



 
 

68 

profile where trees are obtaining their water from. At the low elevation site in particular, 

the twenty-year moving average of the d18Owc revealed a sharp decline for both species 

starting in the early 1970s. The twenty-year moving average climate data revealed that 

summer precipitation has remained relatively stable sine the 1950’s. However, MJJA 

VPD has been steadily increasing since the 1960’s. Increasing VPDs despite high 

precipitation inputs implies that the summers are getting hotter. Indeed, an increasing 

trend of hotter summers have been observed in western Montana since the 1970s 

(Pederson et al 2010). Higher VPDs have been well documented to affect growth and 

water use in conifers (McCullough et al 2017; Sanginés et al 2018; Martin et al 2017). 

The climate trends at our site would imply that increasing VPDs could result in abiotic 

changes in the trees soil environment that is reflected in their tree rings. Even though 

summer precipitation has continued to be high, the higher VPDs may have resulted in 

higher rates of evaporation of summer rains in the shallow soil layers. Less shallow soil 

water resources could drive trees to rely more on deep water sources. Several studies 

have demonstrated this, as they have shown that low availability of shallow soil water 

will result in higher use of deeper more depleted ground water (West et al 2007a, 2007b). 

Thus, our decadal data would suggest that trees may have switched to using more 

depleted deep ground water as shallow soil water content has likely decreased during this 

period.  

Interestingly, our high elevation site may be showing a similar, but delayed effect 

as the low elevation site. Post 2000, the site experienced high MJJA VPDs, while MJJA 

ppt remained high. Again, the high VPDs could have caused an increase of the 
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evaporation of the shallow soils. This could imply that even shallow rooted trees may 

rely increasingly more on their deeper roots if shallow soil water reserves are not 

available. Previous work done has found that trees that are reliant on shallow water 

sources may be more susceptible to prolonged drought than trees that can access deep 

water (McLaughlin, 2017). It is possible that if VPDs continue to increase, shallow 

rooted trees may experience considerably more water stress than deep-rooted trees, due to 

their inability to have consistent water access throughout the growing season. 

Interestingly, for both high elevation species, especially P. engelmannii, the correlation 

between the MJJA ppt and MJJA VPD breaks down in the latter part of the time series 

during approximately the same time period (Fig. 4). Previous work has shown that trees 

that are more water limited are less coupled to the atmosphere (Bonan, 2014) Drier soil 

conditions could have started causing our high elevation trees to become more decoupled 

from the atmosphere as they experience increasing water limitation and shift to using 

deeper water sources. However, our results for P. menziesii must be interpreted with 

caution due to the low sample size and considerable spread and error in the twenty-year 

moving average data between the two tree samples. 

Considerations 

We found that MJJA ppt had greater predictive ability for explaining leaf water 

enrichment effects than MJJA VPD. These results were opposite of what we expected. 

VPD, which incorporates both temperature and relative humidity, represents the 

atmospheric transpirational demand a tree would experience (Scholander et al 1965), 
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making it a useful tool in understanding transpirational dynamics in trees. Thus, we 

would expect it to be a good predictor for leaf water enrichment effects. One possible 

explanation for these unexpected results could be the broad spatial scale and low 

temporal resolution of the PRISM data we used in our analysis. The spatial scaling 

problem could obfuscate the climate relationships for our study trees as the 4 km grids 

are covering complex landscape heterogeneity, which has been documented to increase 

the error for inferring climate relationships at smaller spatial scales (Bishop & Bejer, 

2013). Additionally, the data set only has monthly resolution. Thus, we do not know the 

distribution of the data that is compiled to make the monthly means for precipitation and 

VPD.  

Concluding Remarks 

 At our low elevation site, our study species were likely reflecting their source 

water as well as their atmospheric growing conditions. Additionally, starting in the 

1970s’s, we found evidence that our low elevation trees shifted to primarily using deep 

water sources. At our high elevation site, both of our study species displayed a high 

correlation with the atmospherics growing conditions (VPD). We suggest that this is due 

to the high elevation trees being less water limited, which would allow them to be more 

coupled with the environment. Additionally, at our high elevation site, starting in the 

2000’s, we found some evidence that our study trees have shifted to using more depleted 

deeper water sources. If shallow water sources a high elevation sites continue to dry out 

at faster rates, then our high elevation trees (which we assume to be primarily shallow 

rooted) could face increasing water stress. 
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Tables 
 
Table 3.1. Summary statistics of the top model describing the effects of the 
environmental variables on the low elevation d18Owc. Model R-squared = 0.536. 
 

Variable Estimated Mean 
Response ± SE (‰) 

p-value 

Intercept (b0) 40.859 ± 3.357 < 0.001 *** 
 

Species-PSME (b1) -2.235 ± 0.139 < 0.012 * 
 

Mean MJJA ppt (mm) (b2) -0.041 ± 0.006 < 0.001 *** 
 

Mean MJJA vpd (hPa) (b3) -0.225 ± 0.048 < 0.001 *** 
 

Mean SON ppt (mm) (b4) 0.015 ± 0.004             < 0.001 *** 
 

Mean DJFMA ppt (mm) (b5) -0.028 ± 0.005             < 0.001 *** 
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Table 3.2. Summary statistics of the top model describing the effects of the 
environmental variables on the high elevation d18Owc. Model R-squared = 0.603 
 

Variable Estimated Mean 
Response ± SE (‰) 

p-value 

Intercept (b0) 33.085 ± 1.428 < 0.001 *** 
 

MJJA ppt (mm) (b1) -0.030 ± 0.004 < 0.001 *** 
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Table 3.3. Low elevation linear model comparisons.  Linear model comparisons showing 
the importance of the effects of the explanatory variables found to be important for tree 
ring cellulose d18O for the low elevation species. Linear models are ranked according to 
AIC selection criteria. For each model, AIC values, DAIC from top model, and R-squared 
values are listed. 
 

Model 
# 

Model AIC DAIC  R-squared 

1 Species + MJJA ppt + MJJA vpd + 
DJFMA ppt + SON ppt 

 

2038.13 0 0.536 

2 Species + MJJA ppt + MJJA vpd + 
DJFMA ppt 

 

2040.98 2.85 0.525 

3 Species + MJJA ppt + MJJA vpd 
 

2061.95 22.87 0.500 

4 Species + MJJA vpd 
 

2087.96 49.83 0.469 

5 Species + MJJA ppt 
 

2068.71 30.58 0.489 

6 Species 
 

2082.14 44.01 0.468 

7 Intercept only 2089.19 51.06 0.493 
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Table 3.4. High elevation linear model comparisons. Linear model comparison showing 
the importance of the effects of the explanatory variables found to be important for tree 
ring cellulose d18O for the high elevation species. Linear models are ranked according to 
AIC selection criteria. For each model, AIC, DAIC from top model, and R-squared values 
are listed. 
 

Model # Model AIC DAIC R-squared 
1 MJJA ppt 

 
1259.01 0 0.603 

2 Intercept only 1311.61 52.6 0.534 
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Figures 
 

  
 
Figure 3.1. Climate data for high and low elevation sites. Mean monthly precipitation 
(panel a) and vapor pressure deficit (panel b) for the low and high elevation sites for the 
time period 1915-2015. 
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Figure 3.2. d18Owc time series data. Time series of d18Owc for the low and high elevation 
site, where P. ponderosoa (n = 3) and P. menziesii (n = 3) occur at the low elevation site 
and P. engelmanii (n = 2) and P. menziesii (n = 2) occur at the high elevation site.  
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Figure 3.3. Low elevation twenty-year moving average of correlations plots. Twenty-year 
moving average of correlations between the seasonal averages of precipitation (PPT) and 
vapor pressure deficit (VPD) and the mean d18Owc for P. ponderosa (panel a) and P. 
menziesii (panel b). As described by Zang and Biondi (2014), significance was tested 
using an exact bootstrapping method where a threshold was set such that all significant 
correlations (P < 0.05) are indicated with an asterisk. 
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Figure 3.4. High elevation twenty-year moving average of correlations plots. Twenty-
year moving average of correlations between the seasonal averages of precipitation (PPT) 
and vapor pressure deficit (VPD) and mean d18Owc for P. engelmanii (panel a) and P. 
menziesii (panel b). As described by Zang and Biondi (2014), significance was tested 
using an exact bootstrapping method where a threshold was set such that all significant 
correlations (P < 0.05) are indicated with an asterisk. 
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Figure 3.5. Twenty-year moving average of low elevation Climate data and d18Owc data. 
Twenty-year moving averages for the low elevation environmental data found to be 
important for d18Owc (panel a) compared to the twenty-year moving average for the mean 
d18Owc ± SE (n = 3) for each species for the low elevation trees (panel b). 
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Figure 3.6. Twenty-year moving average of high elevation Climate data and d18Owc data. 
Twenty-year moving averages for the high elevation environmental data found to be 
important for d18Owc (panel a) compared to the twenty-year moving average for the mean 
d18Owc ± SE (n = 2) for the high elevation trees (panel b). 
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CONCLUSION 

As climate change across the west continues to progress we are likely to see 

increasing changes to the community structure of our forests. Understanding the inter- 

and intraspecific variation in the physiological traits that different conifer species have to 

manage their water status may play a key role in helping land managers effectively 

prepare for the changes that will occur as our forests warm. Additionally, investigating 

how the importance of source water for trees has changed over the last century is also 

necessary for understanding how a warming climate may be impacting our forests. 

 Thus, in an effort to increase our knowledge of the impacts that climate change 

will bring, this thesis sought to elucidate how physiological traits to manage water status 

varied among three common conifers of the western U.S. Furthermore, it sought to link a 

plant’s maintenance of its water status to its use of source water. Additionally, it 

investigated tree source water use patterns over the last century. Thus, in the first chapter 

of this thesis, we investigated the inter- and intraspecific physiological plant hydraulic 

traits, including water potential, vulnerability to cavitation, and rooting depth of three 

common conifers of the Northern Rockies growing at a low and a high elevation site to 

determine how an elevation gradient affected these traits. We found evidence for 

interspecific variation, Pinus ponderosa vs Pseudotsuga menziesii and Picea engelmannii 

vs Pseudotsuga menziesii, in the physiological traits to manage water status at both sites, 

implying there are species-specific traits to manage water. However, we did not find 

strong evidence for intraspecific variation in these same traits within our plastic species, 

Pseudotsuga menziesii, implying a relatively static phenotypic response in managing 
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water status across an elevation gradient. In the second chapter, we aimed to determine 

the importance of climate in determining the source water by studying the isotopic tree 

ring record for the same species growing at the same sites. At the low elevation site, we 

found good evidence that the tree ring isotopes were reflecting both seasonal precipitation 

inputs as well as the atmospheric growing conditions. At the high elevation site, trees 

only reflected the atmospheric growing conditions and did not reflect seasonal water use; 

however, this pattern may have started changing at the onset of the twenty-first century. 

Interestingly, we did not find any evidence that our study species were responding 

differently to climate. 

 My results from these studies reveal large differences in the interspecific 

physiological traits to manage water use. However, my isotopic tree ring study shows 

that, historically, co-occurring species likely rely on very similar water sources at their 

respective sites. Decreasing shallow water sources combined with physiological 

differences in managing water status may impart an advantage for some conifers over 

others under a warmer climate that the mountain west is likely to experience.  

 

 

 

 

 

 

 



 
 

89 

REFERENCES 
 
 
Alder, N. N., Sperry, J. S., & Pockman, W. T. (1996). Root and stem xylem embolism,  

stomatal conductance, and leaf turgor in Acer grandidentatum populations along a 
soil moisture gradient. Oecologia, 105(3), 293-301. 

 
Alexander, R. R. (1987). Ecology, silviculture, and management of the P. englemannii- 

subalpine fir type in the central and southern Rocky Mountains. 
 
Anchukaitis, K. J., Evans, M. N., Lange, T., Smith, D. R., Leavitt, S. W., & Schrag, D. P.  

(2008). Consequences of a rapid cellulose extraction technique for oxygen isotope 
and radiocarbon analyses. Analytical chemistry, 80(6), 2035-2041. 

 
Anderson, W. T., Bernasconi, S. M., McKenzie, J. A., & Saurer, M. (1998). Oxygen and  

carbon isotopic record of climatic variability in tree ring cellulose (Picea abies): 
an example from central Switzerland (1913–1995). Journal of Geophysical 
Research: Atmospheres (1984–2012), 103(D24), 31625-31636. 

 
Angeles, G., Bond, B., Boyer, J. S., Brodribb, T., Brooks, J. R., Burns, M. J., ... & Davis,  

S. D. (2004). The cohesion-tension theory. New Phytologist, 163(3), 451-452. 
 
Barnard, D. M., Barnard, H. R., & Molotch, N. P. (2017). Topoclimate effects on  

growing season length and montane conifer growth in complex 
terrain. Environmental Research Letters, 12(6), 064003. 

 
Barnes, C. J., & Allison, G. B. (1983). The distribution of deuterium and 18O in dry  

soils: 1. Theory. Journal of Hydrology, 60(1), 141-156. 
 

Bartoń, K (2018). MuMIn: Multi-Model Inference. R package version 1.40.4.  
<https://CRAN.R-project.org/package=MuMIn> 

 
Bauer, H., Ache, P., Lautner, S., Fromm, J., Hartung, W., Al-Rasheid, K. A., ... &  

Mendel, R. R. (2013). The stomatal response to reduced relative humidity 
requires guard cell-autonomous ABA synthesis. Current Biology, 23(1), 53-57. 

 
Battaglia, M., Cherry, M. L., Beadle, C. L., Sands, P. J., & Hingston, A. (1998).  

Prediction of leaf area index in eucalypt plantations: effects of water stress and 
temperature. Tree Physiology, 18(8-9), 521-528. 
 

Bishop, D. A., & Beier, C. M. (2013). Assessing uncertainty in high-resolution spatial  
climate data across the US Northeast. PloS one, 8(8), e70260. 

 
Bonan, G. B., Williams, M., Fisher, R. A., & Oleson, K. W. (2014). Modeling stomatal  



 
 

90 

conductance in the earth system: linking leaf water-use efficiency and water 
transport along the soil–plant–atmosphere continuum. Geoscientific Model 
Development, 7(5), 2193-2222. 

 
Brendel, O., Iannetta, P. P. M., & Stewart, D. (2000). A rapid and simple method to  

isolate pure alpha-cellulose. Phytochemical Analysis, 11(1), 7-10. 
 
Brodribb, T. J., McAdam, S. A., Jordan, G. J., & Martins, S. C. (2014). Conifer species  

adapt to low-rainfall climates by following one of two divergent 
pathways. Proceedings of the National Academy of Sciences, 111(40), 14489-
14493. 

 
Bunn, A., Korpela, M., Biondi, F., Campelo, F., Merian, P., Qeadan, F., & Zang, C.  

(2017). dplR: Dendrochronology Program Library in R [online]. R package 
version 1.6. 6. <https://CRAN.R-project.org/package=dplR> 

 
Burk, R. L., & Stuiver, M. (1981). Oxygen isotope ratios in trees reflect mean annual  

temperature and humidity. Science, 211(4489), 1417-1419. 
 
Cochard, H. (1992). Vulnerability of several conifers to air embolism. Tree  

physiology, 11(1), 73-83. 
 
Cochard, H., Ewers, F. W., & Tyree, M. T. (1994). Water relations of a tropical vine-like  

bamboo (Rhipidocladum racemiflorum): root pressures, vulnerability to cavitation 
and seasonal changes in embolism. Journal of Experimental Botany, 45(8), 1085-
1089. 

 
Crombie, D. S., Hipkins, M. F., & Milburn, J. A. (1985). Gas penetration of pit  

membranes in the xylem of Rhododendron as the cause of acoustically detectable 
sap cavitation. Functional Plant Biology, 12(5), 445-453. 

 
Csank, A. Z., Miller, A. E., Sherriff, R. L., Berg, E. E., & Welker, J. M. (2016). Tree-ring  

isotopes reveal drought sensitivity in trees killed by spruce beetle outbreaks in 
south-central Alaska. Ecological Applications, 26(7), 2001-2020. 

 
Dale, V. H., Joyce, L. A., McNulty, S., Neilson, R. P., Ayres, M. P., Flannigan, M. D., ...  

& Michael Wotton, B. (2001). Climate change and forest disturbances: climate 
change can affect forests by altering the frequency, intensity, duration, and timing 
of fire, drought, introduced species, insect and pathogen outbreaks, hurricanes, 
windstorms, ice storms, or landslides. BioScience, 51(9), 723-734. 

 
Dansgaard, W. (1964). Stable isotopes in precipitation. Tellus A, 16(4). 
 
Dawson, T. E., Burgess, S. S., Tu, K. P., Oliveira, R. S., Santiago, L. S., Fisher, J. B., ...  



 
 

91 

& Ambrose, A. R. (2007). Nighttime transpiration in woody plants from 
contrasting ecosystems. Tree Physiology, 27(4). 

 
DeLucia, E. H., Maherali, H., & Carey, E. V. (2000). Climate-driven changes in biomass  

allocation in pines. Global Change Biology, 6(5), 587-593. 
 
DeLucia, E. H., & Smith, W. K. (1987). Air and soil temperature limitations on  

photosynthesis in P. englemannii during summer. Canadian Journal of Forest 
Research, 17(6), 527-533. 

 
Delzon, S., & Cochard, H. (2014). Recent advances in tree hydraulics highlight the  

ecological significance of the hydraulic safety margin. New Phytologist, 203(2), 
355-358. 

 
Domec, J. C., Warren, J. M., Meinzer, F. C., Brooks, J. R., & Coulombe, R. (2004).  

Native root xylem embolism and stomatal closure in stands of P. menziesii and P. 
ponderosa: mitigation by hydraulic redistribution. Oecologia, 141(1), 7-16.  

 
Donovan, L., Linton, M., & Richards, J. (2001). Predawn plant water potential does not  

necessarily equilibrate with soil water potential under well-watered 
conditions. Oecologia, 129(3), 328-335. 

 
Donovan, L. A., Richards, J. H., & Linton, M. J. (2003). Magnitude and mechanisms of  

disequilibrium between predawn plant and soil water potentials. Ecology, 84(2), 
463-470. 

 
Edwards, E. J., & Diaz, M. (2006). Ecological physiology of Pereskia guamacho, a  

cactus with leaves. Plant, cell & environment, 29(2), 247-256. 
 
Edwards, T. W. D., & Fritz, P. (1986). Assessing meteoric water composition and  

relative humidity from 18O and 2H in wood cellulose: paleoclimatic implications 
for southern Ontario, Canada. Applied Geochemistry, 1(6), 715-723. 

 
Eggemeyer, K. D., Awada, T., Harvey, F. E., Wedin, D. A., Zhou, X., & Zanner, C. W.  

(2009). Seasonal changes in depth of water uptake for encroaching trees 
Juniperus virginiana and Pinus ponderosa and two dominant C4 grasses in a 
semiarid grassland. Tree physiology, 29(2), 157-169. 

 
Ehleringer, J. R., & Dawson, T. E. (1992). Water uptake by plants: perspectives from  

stable isotope composition. Plant, Cell & Environment, 15(9), 1073-1082. 
 
Fan, Y., Miguez-Macho, G., Jobbágy, E. G., Jackson, R. B., & Otero-Casal, C. (2017).  

Hydrologic regulation of plant rooting depth. Proceedings of the National 
Academy of Sciences, 201712381. 



 
 

92 

Fellows, A.W., Goulden, M.L., (2008). Has fire suppression increased the amount of  
carbon stored in western U.S. forests? Geophysical Research Letters 35,L12404. 

 
Feurtado, J. A., Yang, J., Ambrose, S. J., Cutler, A. J., Abrams, S. R., & Kermode, A. R.  

(2007). Disrupting abscisic acid homeostasis in western white pine (Pinus 
monticola Dougl. Ex D. Don) seeds induces dormancy termination and changes in 
abscisic acid catabolites. Journal of Plant Growth Regulation, 26(1), 46-54. 

 
Fox, S. J. (1984). Interception-net rainfall relationships of red pine stands in northern  

Minnesota (Doctoral dissertation, University of Minnesota). 
 
Hacke, U., & Sauter, J. J. (1995). Vulnerability of xylem to embolism in relation to leaf  

water potential and stomatal conductance in Fagus sylvatica f. purpurea and 
Populus balsamifera. Journal of Experimental Botany, 46(9), 1177-1183. 

 
Hamlet, A. F., & Lettenmaier, D. P. (1999). Effects of climate change on hydrology and 

water resources in the Columbia River basin. JAWRA Journal of the American 
Water Resources Association, 35(6), 1597-1623.  

 
Hermann, R. K., & Lavender, D. P. (1990). Pseudotsuga menziesii (Mirb.) franco  

Douglas-fir. Silvics of North America, 1, 527-540. 
 
Hidalgo, Hugo G., et al. (2001) Comparison of tree species sensitivity to high and low  

extreme hydroclimatic events. Physical Geography 22(2), 115-134. 
 
Jackson, R. B., Sperry, J. S., & Dawson, T. E. (2000). Root water uptake and transport:  

using physiological processes in global predictions. Trends in plant 
science, 5(11), 482-488. 

 
Johnson, D. M., Domec, J. C., Berry, Z. C., Schwantes, A. M., Woodruff, D. R.,  

McCulloh, K. A., ... & McDowell, N. G. (2018). Co-occurring woody species 
have diverse hydraulic strategies and mortality rates during an extreme 
drought. Plant, cell & environment. 

 
Kaufmann, M. R., & Troendle, C. A. (1981). The relationship of leaf area and foliage  

biomass to sapwood conducting area in four subalpine forest tree species. Forest 
Science, 27(3), 477-482. 

 
Kavanagh, K. L., Bond, B. J., Aitken, S. N., Gartner, B. L., & Knowe, S. (1999). Shoot  

and root vulnerability to xylem cavitation in four populations of P. menziesii 
seedlings. Tree Physiology, 19(1), 31-37. 

 
Kavanagh, K. L., Pangle, R., & Schotzko, A. D. (2007). Nocturnal transpiration causing  



 
 

93 

disequilibrium between soil and stem predawn water potential in mixed conifer 
forests of Idaho. Tree Physiology, 27(4), 621-629. 

 
Kolb, K. J., & Sperry, J. S. (1999). Differences in drought adaptation between subspecies  

of sagebrush (Artemisia tridentata). Ecology, 80(7), 2373-2384. 
 
Marshall, J. D., & Monserud, R. A. (2006). Co-occurring species differ in tree-ring δ18O  

trends. Tree physiology, 26(8), 1055-1066. 
 
Martin, J., Looker, N., Hoylman, Z., Jencso, K., & Hu, J. (2017). Hydrometeorology  

organizes intra-annual patterns of tree growth across time, space and species in a 
montane watershed. New Phytologist, 215(4), 1387-1398. 

 
McCullough, I. M., Davis, F. W., & Williams, A. P. (2017). A range of possibilities:  

Assessing geographic variation in climate sensitivity of ponderosa pine using tree 
rings. Forest Ecology and Management, 402, 223-233. 

 
McDowell, N., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N., Kolb, T., ... & 
 Yepez, E. A. (2008). Mechanisms of plant survival and mortality during drought:  

why do some plants survive while others succumb to drought? New 
phytologist, 178(4), 719-739. 

 
McLaughlin, B. C., Ackerly, D. D., Klos, P. Z., Natali, J., Dawson, T. E., & Thompson,  

S. E. (2017). Hydrologic refugia, plants, and climate change. Global change 
biology, 23(8), 2941-2961. 

 
Mittelheuser, C. J., & Van Steveninck, R. F. M. (1969). Stomatal closure and inhibition  

of transpiration induced by (RS)-abscisic acid. Nature, 221(5177), 281. 
 
Miyamoto, Y., Griesbauer, H. P., & Green, D. S. (2010). Growth responses of three  

coexisting conifer species to climate across wide geographic and climate ranges in 
Yukon and British Columbia. Forest Ecology and Management,259(3), 514-523. 

 
Monson, R.K., Turnipseed, A.A., Sparks, J.P., Harley, P.C., Scott-Denton, L.E., Sparks,  

K.L., and Huxman, T.E. (2002) Carbon sequestration in a high-elevation, 
subalpine forest. Global Change Biology 8: 1-20.  

 
Mote, P. W., Hamlet, A. F., Clark, M. P., & Lettenmaier, D. P. (2005). Declining  

mountain snowpack in western North America. Bulletin of the American 
meteorological Society, 86(1), 39-49.  

 
O'Driscoll, M. A., DeWalle, D. R., McGuire, K. J., & Gburek, W. J. (2005). Seasonal 18O  

variations and groundwater recharge for three landscape types in central 
Pennsylvania, USA. Journal of Hydrology, 303(1-4), 108-124. 



 
 

94 

Oliver, W. W. (1990). Pinus ponderosa Dougl. ex. Laws. Conifers. 
 
Pavlik, B. M. (1980). Patterns of water potential and photosynthesis of desert sand dune  

plants, Eureka Valley, California. Oecologia, 46(2), 147-154. 
 
Payne, J. T., Wood, A. W., Hamlet, A. F., Palmer, R. N., & Lettenmaier, D. P. (2004).  

Mitigating the effects of climate change on the water resources of the Columbia 
River basin. Climatic change, 62(1), 233-256. 

 
Pederson, G. T., Betancourt, J. L., & McCabe, G. J. (2013). Regional patterns and  

proximal causes of the recent snowpack decline in the Rocky Mountains, 
US. Geophysical Research Letters, 40(9), 1811-1816. * 
 

Pederson, G. T., Graumlich, L. J., Fagre, D. B., Kipfer, T., & Muhlfeld, C. C. (2010). A  
century of climate and ecosystem change in Western Montana: what do 
temperature trends portend?. Climatic change, 98(1-2), 133-154. 

 
Peterson, D. W., & Peterson, D. L. (1994). Effects of climate on radial growth of  

subalpine conifers in the North Cascade Mountains. Canadian Journal of Forest 
Research, 24(9), 1921-1932. 

 
Pickard, W. F. (1981). The ascent of sap in plants. Progress in biophysics and molecular  

biology, 37, 181-229. 
 
Pinheiro J, Bates D, DebRoy S, Sarkar D and R Core Team (2017). _nlme: Linear and  

Nonlinear Mixed Effects Models_. R package version 3.1-131, 
<URL:https://CRAN.R-project.org/package=nlme>. 

 
Piñol, J., & Sala, A. (2000). Ecological implications of xylem cavitation for several  

Pinaceae in the Pacific Northern USA. Functional Ecology, 14(5), 538-545. 
 

Pockman, W. T., & Sperry, J. S. (2000). Vulnerability to xylem cavitation and the  
distribution of Sonoran desert vegetation. American journal of botany, 87(9), 
1287-1299. 
 

PRISM Climate Group. (2018). PRISM climate data. Oregon State University. 
 
R Core Team (2017). R: A language and environment for statistical computing. R  

Foundation for Statistical Computing, Vienna, Austria. <URL https://www.R-
project.org/>. 

 
Robertson, I., Waterhouse, J. S., Barker, A. C., Carter, A. H. C., & Switsur, V. R. (2001).  



 
 

95 

Oxygen isotope ratios of oak in east England: implications for reconstructing the 
isotopic composition of precipitation. Earth and Planetary Science 
Letters, 191(1), 21-31. 

 
Roden, J. S., Bowling, D. R., McDowell, N. G., Bond, B. J., & Ehleringer, J. R. (2005).  

Carbon and oxygen isotope ratios of tree ring cellulose along a precipitation 
transect in Oregon, United States. Journal of Geophysical Research: 
Biogeosciences, 110(G2). 

 
Roden, J. S., & Ehleringer, J. R. (1999a). Observations of hydrogen and oxygen isotopes  

in leaf water confirm the Craig-Gordon model under wide-ranging environmental 
conditions. Plant physiology, 120(4), 1165-1174. 

 
Roden, J. S., & Ehleringer, J. R. (1999b). Hydrogen and oxygen isotope ratios of tree- 

ring cellulose for riparian trees grown long-term under hydroponically controlled  
environments. Oecologia, 121(4), 467-477. 

 
Roden, J. S., & Ehleringer, J. R. (2007). Summer precipitation influences the stable  

oxygen and carbon isotopic composition of tree-ring cellulose in Pinus 
ponderosa. Tree physiology, 27(4), 491-501. 

 
Roden, J. S., Lin, G., & Ehleringer, J. R. (2000). A mechanistic model for interpretation  

of hydrogen and oxygen isotope ratios in tree-ring cellulose. Geochimica et 
Cosmochimica Acta, 64(1), 21-35. 

 
Sanginés de Cárcer, P., Vitasse, Y., Peñuelas, J., Jassey, V. E., Buttler, A., &  

Signarbieux, C. (2018). Vapor–pressure deficit and extreme climatic variables  
limit tree growth. Global change biology, 24(3), 1108-1122. 

 
Schenk, H. J., & Jackson, R. B. (2002). Rooting depths, lateral root spreads and below- 

ground/above-ground allometries of plants in water-limited ecosystems. Journal 
of Ecology, 90(3), 480-494. 

 
Scholander, P. F., Bradstreet, E. D., Hemmingsen, E. A., & Hammel, H. T. (1965). Sap  

pressure in vascular plants: negative hydrostatic pressure can be measured in 
plants. Science, 148(3668), 339-346. 

 
Seth, A., Rauscher, S. A., Biasutti, M., Giannini, A., Camargo, S. J., & Rojas, M. (2013).  

CMIP5 projected changes in the annual cycle of precipitation in monsoon 
regions. Journal of Climate, 26(19), 7328-7351. 

 
Sobrado, M. A. (1993). Trade-off between water transport efficiency and leaf life-span in  

a tropical dry forest. Oecologia, 96(1), 19-23. 
 



 
 

96 

Sperry, J. S., Adler, F. R., Campbell, G. S., & Comstock, J. P. (1998). Limitation of plant  
water use by rhizosphere and xylem conductance: results from a model. Plant, 
Cell & Environment, 21(4), 347-359. 

 
Sperry, J. S., Donnelly, J. R., & Tyree, M. T. (1988). A method for measuring hydraulic  

conductivity and embolism in xylem. Plant, Cell & Environment, 11(1), 35-40. 
 
Sperry, J. S., & Hacke, U. G. (2002). Desert shrub water relations with respect to soil  

characteristics and plant functional type. Functional Ecology, 16(3), 367-378. 
 
Sperry, J. S., & Saliendra, N. Z. (1994). Intra-and inter-plant variation in xylem cavitation  
 in Betula occidentalis. Plant, Cell & Environment, 17(11), 1233-1241. 
 
Sperry, J. S., & Tyree, M. T. (1990). Water-stress-induced xylem embolism in three  

species of conifers. Plant, Cell & Environment, 13(5), 427-436. 
 
Sternberg, L. D. S. L. O. (2009). Oxygen stable isotope ratios of tree-ring cellulose: the  

next phase of understanding. New Phytologist, 181(3), 553-562. 
 
Sternberg, L., & DeNiro, M. J. (1983). Isotopic composition of cellulose from C3, C4,  

and CAM plants growing near one another. Science, 220(4600), 947-949. 
 
Stewart, I. T., Cayan, D. R., & Dettinger, M. D. (2005). Changes toward earlier  

streamflow timing across western North America. Journal of climate, 18(8), 
1136-1155. 

 
Stout, D. L., & Sala, A. (2003). Xylem vulnerability to cavitation in Pseudotsuga  

menziesii and Pinus ponderosa from contrasting habitats. Tree Physiology, 23(1), 
43-50. 

 
Szejner, P., Wright, W. E., Babst, F., Belmecheri, S., Trouet, V., Leavitt, S. W., ... &  

Monson, R. K. (2016). Latitudinal gradients in tree ring stable carbon and oxygen 
isotopes reveal differential climate influences of the North American Monsoon 
System. Journal of Geophysical Research: Biogeosciences, 121(7), 1978-1991. 

 
Szejner, P., Wright, W. E., Belmecheri, S., Meko, D., Leavitt, S. W., Ehleringer, J. R., &  

Monson, R. K. (2018). Disentangling seasonal and interannual legacies from 
inferred patterns of forest water and carbon cycling using tree-ring stable 
isotopes. Global change biology. 

 
Tang, K., & Feng, X. (2001). The effect of soil hydrology on the oxygen and hydrogen  

isotopic compositions of plants’ source water. Earth and Planetary Science 
Letters, 185(3), 355-367. 

 



 
 

97 

Tetens, O. (1930). Uber einige meteorologische Begriffe. Z. geophys, 6, 297-309. 
 

Tombesi, S., Nardini, A., Frioni, T., Soccolini, M., Zadra, C., Farinelli, D., ... & Palliotti,  
A. (2015). Stomatal closure is induced by hydraulic signals and maintained by 
ABA in drought-stressed grapevine. Scientific reports, 5, 12449. 

 
Treydte, K., Boda, S., Graf Pannatier, E., Fonti, P., Frank, D., Ullrich, B., ... & Gessler,  

A. (2014). Seasonal transfer of oxygen isotopes from precipitation and soil to the 
tree ring: source water versus needle water enrichment. New Phytologist, 202(3), 
772-783. X 

 
Tyree, M. T., & Sperry, J. S. (1988). Do woody plants operate near the point of 

catastrophic xylem dysfunction caused by dynamic water stress? Answers from a 
model. Plant physiology, 88(3), 574-580.  

 
Tyree, M. T., Davis, S. D., & Cochard, H. (1994). Biophysical perspectives of xylem  

evolution: is there a tradeoff of hydraulic efficiency for vulnerability to 
dysfunction?. IAWA journal, 15(4), 335-360. 

 
Walker, C. D., & Richardson, S. B. (1991). The use of stable isotopes of water in  

characterising the source of water in vegetation. Chemical Geology, 94(2), 145-
158. 

 
Waring, R. H., & Cleary, B. D. (1967). Plant moisture stress: evaluation by pressure  

bomb. Science, 155(3767), 1248-1254. 
 
Waring, R. H., & Running, S. W. (1978). Sapwood water storage: its contribution to  

transpiration and effect upon water conductance through the stems of old-growth 
Douglas-fir. Plant, Cell & Environment, 1(2), 131-140. 

 
Waring, R. H., Whitehead, D., & Jarvis, P. G. (1979). The contribution of stored water to  

transpiration in Scots pine. Plant, Cell & Environment, 2(4), 309-317. 
 
Weltzin, J. F., & McPherson, G. R. (1997). Spatial and temporal soil moisture resource  

partitioning by trees and grasses in a temperate savanna, Arizona, 
USA. Oecologia, 112(2), 156-164. 

 
West, A. G., Hultine, K. R., Burtch, K. G., & Ehleringer, J. R. (2007b). Seasonal  

variations in moisture use in a piñon–juniper woodland. Oecologia, 153(4), 787-
798. 

 
West, A. G., Hultine, K. R., Jackson, T. L., & Ehleringer, J. R. (2007a). Differential  

summer water use by Pinus edulis and Juniperus osteosperma reflects contrasting 
hydraulic characteristics. Tree Physiology, 27(12), 1711-1720. 



 
 

98 

West, A. G., Patrickson, S. J., & Ehleringer, J. R. (2006). Water extraction times for plant  
and soil materials used in stable isotope analysis. Rapid Communications in Mass 
Spectrometry, 20(8), 1317-1321. 

 
Westerling, A. L., Hidalgo, H. G., Cayan, D. R., & Swetnam, T. W. (2006). Warming  

and earlier spring increase western US forest wildfire activity. science, 313(5789), 
940-943. 

 
White, J. W., Lawrence, J. R., & Broecker, W. S. (1994). Modeling and interpreting D/H 

ratios in tree rings: A test case of white pine in the northeastern United 
States. Geochimica et cosmochimica acta, 58(2), 851-862. 

 
Yapp, C. J., & Epstein, S. (1982). A reexamination of cellulose carbon-bound hydrogen  

δD measurements and some factors affecting plant-water D/H 
relationships. Geochimica et Cosmochimica Acta, 46(6), 955-965. 

 
Zang C and Biondi F (2018). “treeclim: an R package for the numerical calibration of  

proxy-climate relationships.” Ecography, *38*(4), pp.431-436. ISSN 1600-0587, 
doi: 10.1111/ecog.01335. <http://doi.org/10.1111/ecog.01335> 

 
Zhang, J., & Davies, W. J. (1989). Abscisic acid produced in dehydrating roots may  

enable the plant to measure the water status of the soil. Plant, Cell & 
Environment, 12(1), 73-81. 

 
Zimmerman, M.H. (1983). Xylem structure and the ascent of sap, Springer-Verlag, New  
 York, 143. 
 
 

 
 
 
 


