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Abstract

In recent decades, a great deal of research has sought to define growing season and water
source for ponderosa pine forests around the United States using stable carbon isotopic
composition. These studies have focused primarily on developing models from multi-year
datasets or environmental transects. We used stable carbon isotopic composition (913C)
found in annual growth ring cellulose to examine seasonal precipitation’s importance to
growth, and better understand how an individual extreme precipitation event might be
utilized for growth in ponderosa pine trees in Colorado’s Front Range foothills. Spring
precipitation, winter relative humidity, and summer relative humidity were all significantly
correlated to d13C in latewood cellulose. Earlywood cellulose d13C was most correlated to
combined winter and spring precipitation, and spring and summer relative humidity. The
thousand year rain event that occurred in the study area in September 2013 did not
manifest in isotopic values from 2013 growth rings, but the 2014 growth rings showed
evidence of greater than expected water availability based on precipitation data. We
suspect that water from the storm was stored at depth, and drawn upon by ponderosa

pines through the 2014 growing season.



Background

Ponderosa pine, or Pinus ponderosa var scopulorum (Engelm.) forests are one of the
dominant ecosystem types in the semi-arid foothills of Colorado’s Front Range. Because
these forests are seasonally water limited, they may be especially vulnerable to climate
change and changing precipitation regimes (Thomas et al. 2009). Understanding the
dynamics of P. ponderosa growth and water usage is crucial for anticipating how to manage
these forests, which cover around 2.5 million acres of Colorado and share water resources
with many of the most populated areas of the state (CSFS 2008).

Tree rings can provide an excellent record of the growth dynamics in trees,
especially in conjunction with local climate data. Trees in temperate climates (including P.
ponderosa) produce discrete annual rings, such that factors that control growth can be
examined on an annual scale. The effects of climate conditions, including drought severity,
temperature, and seasonal precipitation, on tree rings have been studied for decades
(Stahle and Cleaveland 1988; Cook et al. 1987; Perkins and Swetnam 1996). The width of a
tree ring indicates how much growth occurred in the vascular cambium of a tree within one
year, so climate conditions such as water availability are represented in tree rings because
they affect growth rate. Growth rates often change over the course of the year, resulting in
distinct sections of individual annual ring. P. ponderosa rings are comprised of an
earlywood component, built early in the growing season (spring) and a latewood
component, built later in the growing season (early summer). Separating these components
can allow for sub-annual resolution.

Stable carbon isotope compositions of annual tree rings have proven useful in

assessing water availability and drought stress in trees (Adams and Kolb 2004; Roden et al.



2005; Sparks and Ehleringer 1997), and, more specifically, in exploring the seasonality of P.
ponderosa growth and water usage (Leavitt et al. 2002; Roden and Ehleringer 2007).
Cellulose, the primary component of wood tissue, in each latewood ring is built with carbon
fixed that year (Jaggi et al. 2002). The isotopic composition of that carbon has the potential
to act as a proxy for environmental factors like precipitation, relative humidity (RH), and
temperature. Earlywood can contain some carbon fixed and stored from the previous
season, but still provides a valuable indication of early season conditions (Jaggi et al. 2002).
Carbon, once fixed in cellulose, is stable and its isotopic ratios do not change (Loader
2004). As aresult, tree ring cellulose can record trees’ response to climate conditions
throughout the lifetime of the tree (Loader 2004).

Studies have correlated 913C values in latewood with year round precipitation and
summer monsoon precipitation (Leavitt et al. 2002; Roden and Ehleringer 2007, Barnard et
al. 2012). However, analysis of 180 (which provides information about water source due to
the unique isotopic values of different spatial and temporal sources) in latewood cellulose
and water sources suggest that P. ponderosa in the Western US predominately utilize
winter water for growth year-round, and that the impacts of summer precipitation are
limited to reducing vapor pressure deficit and water vapor lost through stomata by
increasing water use efficiency (Kerhoulas et al. 2017; Kerhoulas et al. 2013; Koch and
Mullin 2010). It is worth noting that studies performed in the Southwest (Arizona, New
Mexico) are influenced by more consistent monsoonal precipitation than the site of this
study, which is dominated by spring moisture, while Arizona can receive up to 70% of its

annual precipitation during the summer monsoon (Roden and Ehleringer 2007



In coming years, the water resources on which P. ponderosa rely are likely to
undergo changes. Rising temperatures due to climate change will likely result in less winter
precipitation, earlier snowmelt, and more summer precipitation in much of the Western
US, including the Colorado Front Range (Knowles 2006; Clow 2010). In addition, extreme
precipitation events have increased in all US regions in recent decades, and are expected to
continue to do so (National Climate Assessment 2014). While water accumulated during
extreme snowfall events remains in storage until snowmelt, extreme rain events are
associated with rapid runoff and flooding. In order to improve the understanding of how P.
ponderosa will be impacted by a changing climate, it will be important to understand not
only the seasonality of their growth, but also if and how they respond to increasing
summer precipitation and extreme rain events. Such water sources may become
increasingly important in a future climate regime with drier winters.

In September of 2013, more than 40cm of rain fell in eight days in Boulder County,
CO. This 1,000-year rainfall event provided an excellent opportunity to examine the
ecohydrological impacts of an extreme late-summer precipitation event on P. ponderosa
forests. The extent to which trees are able to utilize moisture from such an event, and for
how long following the event remains unclear. In this study, we measured stable carbon
isotopes in tree rings to better understand the physiological response of P. ponderosa to the
2013 heavy rainfall. We focused on P. ponderosa in a single headwater catchment. In doing
so, we created a record of carbon isotope composition, a proxy for physiologic response to
water availability at annual and sub-annual timescales. In conjunction with extensive
precipitation records, these data allowed us to (1) evaluate the relationship between

climate conditions such as relative humidity and precipitation timing/quantity, and carbon



discrimination, and (2) gain unique insight into the magnitude and duration of the
physiologic response of P. ponderosa to an extreme late-summer precipitation event. We
hypothesize that d13C of ring cellulose will be more negative, and indicate greater water
available for growth, in years with wetter growing seasons, and that, following the 2013
rain event, it will remain more depleted than would be expected without the rain event
through the 2014 growing season because subsurface storage of rainwater through the
winter will increase water available for growth in the following year.

Stable Carbon Isotopes and Water Use Efficiency

Carbon in cellulose is fixed during photosynthesis from atmospheric CO2 that enters
leaves through pores called stomata. The stable isotopic composition (913C) of atmospheric
CO:2 is approximately -8%o, calculated in parts per thousand based on an international

standard, as follows.

d13C = ([13C/12C]sample/[13C/12C]standard - 1) *1000%o0

C3 plants (including conifers) preferentially fix 12C once CO2 enters the leaf in a process
called fractionation due to carboxylation. Fractionation due to carboxylation is the result of
an enzymatic preference for 12C over 13C. Photosynthetic products are therefore depleted in
13C, typically with a 13C of around -20%o to -30%o (Loader 2004). The rate of fractionation
that occurs during photosynthesis is constant, and total depletion in 13C is primarily
controlled by the 913C of CO2 within the leaf (Loader 2004). This internal 013C of COz is a
result of the rate of photosynthesis compared to rate of diffusion of CO2 through stomata.

When stomata are open and there is a high internal CO2 concentration, there is greater



discrimination against 13C than when stomata are restricted and internal CO2
concentrations are low, and more enriched in 13C.

H20 molecules are smaller than CO2 molecules, so water vapor also escapes through
stomata. Therefore, the primary reason plants reduce their stomatal conductance is to
reduce moisture loss. When water availability is low, stomatal conductance is decreased,
reducing both CO2 concentrations in leaves and discrimination against 13C during carbon
fixation. Thus, in times of limited water availability, carbon fixed by the tree into sugars and
eventually cellulose should have higher 013C values than in times of abundant water.

The reduction of stomatal conductance increases the intrinsic water use efficiency
(WUE), or ratio of the rate of photosynthesis to stomatal conductance. High WUE is an
acclimatization to conditions with lower water availability compared to demand. At higher
WUE, more CO:z2 is fixed per amount of water lost from the leaf through the stomata.
Decreases stomatal conductance leads to lower internal CO2 concentrations, which leads to
an enrichment in 13C. The result is lower overall discrimination against 13C associated with
greater WUE. Plant tissues built under conditions with low water availability compared to
transpiration rates (water vapor lost during photosynthesis) are less depleted in 13C (have
less negative 913C) due to higher WUE during photosynthesis (Adams and Kolb 2004).
Changes in WUE as a response to environmental conditions can depend on several factors
including species and topography (Adams et al. 2014).

Methods

Site Description

Samples were collected in Betasso Preserve, a study area in the Boulder Creek

Critical Zone Observatory (CZ0). Betasso is a tributary catchment to Boulder Creek, located



in lower Boulder Canyon. Its elevation ranges from 1810 to 2024m above sea level and
receives an average of 476mm of precipitation per year, about 32% of which falls as snow
(Cowie 2010). Betasso represents the foothills ecosystem type, with forest composed

primarily of pure P. ponderosa, and mixed P. ponderosa and Pseudotsuga menziesii stands.
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Figure 1: Map of study area and climate station. Caltopo 2017
Precipitation, Relative Humidity, and Groundwater

Precipitation and relative humidity (RH) data were acquired from High Plain
Regional Climate Center site BOULDER, CO (elevation= 1672 meters, Figure 1). For
correlation analysis with latewood 913C, precipitation and RH were broken up by seasonal

timing into water year (October-September), winter (October-March), spring (March-June),



monsoonal summer (July-September), and combined winter and spring (October-June). We
were interested in the importance of combined winter and spring precipitation because
snow can contribute to precipitation totals throughout both seasons.

Because we were interested in how water may be stored between seasons, we
examined groundwater data from long-term datasets maintained by the Boulder Creek CZO
(Anderson and Rock 2017). Depth to water was measured using a datalogging pressure
transducer in the groundwater well in Betasso.

Dendrochronology

Sample cores were collected in May 2015 from five trees. Two cores were collected
at chest height (approximately 1.4m above ground surface) on opposite sides of each tree
with a 12Zmm diameter increment borer. Cores were allowed to air dry, then were lightly
sanded to improve visibility of rings and scanned to produce high-resolution color images.
Ring widths were measured with WINDENDRO dendrochronology software. All cores were
visually cross-dated using a master chronology developed from P. ponderosa of the central
Front Range (Veblen et al. 2000). Specifically, 2012, 2006, and 2002 were used as marker
years. Earlywood and latewood for each year were identified visually based on differing
wood color and density, and cut from the core separately, using a dissecting scope and an
EXACTO knife or microtome when possible. Individual samples from the two cores from
each tree were combined together to increase sample mass and minimize the impact of any
variability caused by differential growth within the tree such that, in total, two samples

were produced from each tree for each year, one of earlywood, and one of latewood.



Stable Carbon Isotope Composition

We extracted holocellulose from whole wood samples for stable isotope analysis
using methods adapted from Leavitt and Danzer (1993). Holocellulose is a preferred
material in stable isotope analysis of tree rings because the carbon it contains is immobile
and confined to the ring built in the year during which that carbon was fixed, while whole
wood contains a variety of compounds, some of which are highly mobile (Loader 2004).
Samples were run through a Soxhlet extraction process using 2:1 toluene to ethanol, then
using only ethanol to remove resins and other non-polar compounds. Boiling samples in
water removed water-soluble compounds, and bleaching samples in an acidic sodium
chlorite solution removed lignin, leaving only holocellulose.

We weighed and analyzed the samples in two separate batches. Earlywood and
latewood samples for years 2010-2015 from the Betasso plot were run on a continuous
flow stable isotope mass spectrometer in the University of Wyoming Stable Isotope Facility.
Samples of 2005-2009 growth rings were run at the CU Boulder Earth Systems Stable
I[sotope Lab using a Thermo Delta V mass spectrometer with continuous flow. Stable
isotope values of a subset of samples analyzed at both facilities were significantly different
(p<0.01), with the mean of the differences equaling 0.65%o. A basic offset correction of
+0.65%0 was applied to data acquired from the University of Wyoming Stable Isotope
Facility (years 2010-2015).

Data Analysis

All analyses were performed using statistical analysis code in R. Trees had different

mean stable isotope compositions, likely due to variations in water usage associated with

size or dominance (Barnard et al. 2012, Kerhoulas et al. 2013). Additionally, sample values
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from the same tree could not be considered independent. Therefore, correlations of
isotopic composition as a function of environmental conditions were determined based on
linear mixed effects models. Mixed effects model add a random intercept for a sample
identity such as ‘tree’ (tree 1, tree 2, etc) that is recognized to affect the independent
variable in a consistent way. For each environmental variable analyzed, a system of
regressions were found in which the fit line of each tree was allowed to have a different
intercept, but retain the same slope. Correlation statistics were then found based on this
shared slope. Differences in Akaike’s information criterion (AAIC) were used to measure
relative quality of models, with low AAIC indicating higher model quality. Models with AAIC
of less than 2 were considered to be of equal quality. AAIC were determined separately for
RH and precipitation models due to the differing sample sizes.
Results

Total annual precipitation for water year 2013 (847mm) was well above the mean
of water years examined (mean=542mm, sd=114mm), but growing season precipitation
(March-June) for the same year (232mm) was slightly below the average (mean=239mm,
standard deviation, or sd=81mm). Conversely, annual precipitation for the 2014 water year
(589mm) was slightly above average, while precipitation during the growing season of

2014 (223mm) was below average (mean=239mm, sd=81mm).
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Figure 2: Time series of total water year precipitation and average earlywood and latewood
isotopic composition for years 2005 through 2015 from Betasso.

At the Betasso groundwater well location, depth to groundwater is typically at its
maximum, around 2700 cm, in March, prior to spring snowmelt. Inmediately following the
1000-year rain event in 2013, the water table rose over 200 cm, and the water table

remained elevated by 50 cm to 100 cm through the 2014 growing season.
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Figure 3: Time series of depth to water (cm) in Betasso. Intermittent large spikes are the

result of the well being pumped down for sampling, and are not representative of the depth
to groundwater.
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Mean earlywood 013C was more negative than latewood 913C (p<0.01). 013Cin 2013
growth rings did respond to the rain event in Septtember 2013. Neither earlywood nor
latewood 013C from 2013 (averaged across trees) were notably negative, suggesting no
sizable increase in water available for growth during the 2013 growing season. The second
lowest mean 013C value in the earlywood time series and the lowest mean d13C value in the

latewood time series are associated with the 2014 water year.
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Figure 4: Time series of latewood isotopic composition for individual trees in Betasso

Of the precipitation periods tested, Betasso latewood d13C was only significantly
correlated to spring precipitation, falling between March and June (p=0.02). Significant
correlation was also found for winter (p=0.019) and summer (p=0.026) average RH. While
earlywood 013C was not directly correlated with winter precipitation falling between

October and March (p=0.06), the strongest models tested for precipitation were for the
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combined total of winter and spring precipitation (p<0.01). Earlywood 013C was also
significantly correlated with precipitation and average RH for spring and summer.
However, despite having a sufficiently low p-value, the AAIC for the relationship between
earlywood 013C and summer precipitation is >10, indicating that this model is poor and

lacks statistical support.

Latewood Earlywood

Variable P-Values AAIC P-Values AAIC
WY PPT 0.88 0 0.23 27.56

Oct-Jun PPT 0.06 2.47 0* 0
Oct-Mar PPT 0.64 4.68 0.06 30.26
Mar-Jun PPT 0.02* 0.18 0* 5.86
Jul-Sep PPT 0.15 4.54 0.01* 29.5
Avg RH Oct-Jun 0.06 2.49 0* 4.54

Avg RH Oct-Mar 0.02* 0 o* 0
Avg RH Mar-Jun 0.13 4.59 0* 11.47
Avg RH Jul-Sep 0.03* 0.61 0.60 24.33

Table 1: P-values and AAIC values for liner mixed effects models of latewood 913C and
earlywood 013C as a function of seasonal precipitation and average total RH. *Denotes
significance at the p<0.05 level.
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Figure 5: Mean latewood (orange) and earlywood (green) isotopic composition as a
function of precipitation periods representing spring, winter and summer precipitation.

Residuals were plotted from models relating latewood 013C to spring precipitation

and earlywood 913C to winter and spring precipitation. All residuals were relatively close to

zero, with the exception of 2014 earlywood and latewood. These residuals had the largest

absolute values observed. The residual for 2014 earlywood was -0.74 and 2.3 standard

deviations from the mean of residual absolute values for earlywood. The 2014 latewood

was -0.88, and 2.4 standard deviations from the mean of residual absolute values for

latewood.
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Figure 6: Mean residuals by year from a liner mixed effects model of Betasso latewood as a
function of March through June precipitation (orange) and earlywood as a function of
October through March (green).
Discussion

We confirmed that stable carbon isotope composition of earlywood and latewood
from tree ring chronologies can act as a proxy for some environmental conditions. Spring
precipitation was predictive of d13C in both earlywood and latewood. Winter precipitation

alone was not predictive, but winter and spring combined were the strongest correlation

measured for earlywood d13C. No other published studies were found that relate latewood
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013C to spring precipitation, but studies have found ring widths in the Colorado Front
Range to correlate positively with spring precipitation (Adams et al. 2014; Veblen et al.
2000). Unlike other studies, we found no correlation between latewood 913C and water
year precipitation or summer precipitation (Leavitt et al. 2002; Roden and Ehleringer
2007; Barnard et al. 2012), nor did we find evidence of a correlation between winter
precipitation and latewood d13C, as was suggested by Kerhoulas et al. (2017).

Winter precipitation falling between October and March may not be as important
for latewood growth in P. ponderosa in the Front Range at the elevation of Betasso, because
such areas rarely hold a snowpack throughout the winter. In Boulder, CO, December,
January, and February, are the driest months of the year, while April and May are the
wettest, and still receive much of their precipitation as snow. While precipitation falling
during the winter months is not a good predictor of growth, this does not mean that snow
itself is unimportant, because much of the snowfall in the study site occurs in spring, rather
than winter. Trees may not utilize winter precipitation for growth simply because it
contributes a small fraction of the water available during the growing season to trees when
compared to spring precipitation.

Interestingly, while neither winter nor summer precipitation were adequate
predictors of 913C in latewood, winter RH and summer RH were significantly correlated to
latewood 013C. As was suggested by Kerhoulas et al. (2017), the importance of summer RH
may be attributable to the lowered vapor pressure deficit and higher water use efficiency
associated with higher RH. In higher RH conditions, a smaller vapor pressure gradient
between the leaf interior and the surrounding atmosphere decreases diffusion of water

vapor from the leaf into the air, minimizing water loss. The physiological response of the
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plant is a reduction in WUE, so, much like decreased water availability, high vapor pressure
deficits results in decreased stomatal conductance (McDowell et al. 2008), and increases
013C. Overall, these findings suggest that while spring precipitation is a more important
predictor for late season P. ponderosa growth than summer precipitation, the growing
season may extend well into the summer.

The primary focus of this study, the extreme precipitation event in September 2013,
occurred well outside the spring water season. Given this, it is unsurprising that we did not
find clear isotopic evidence of increased water availability until the 2014 growing season.
2013 latewood isotopic composition (-23.04) was less negative than the mean (mean= -
23.39), which is the opposite of what would be expected if growth continued into
September as there was very high water availability during the 2013 flood. Carbon in
latewood and earlywood formed during the 2014 growing season were the most, and
second most, respectively, depleted of the years studied. d13C in earlywood and latewood
were also more negative than would be expected based on linear mixed effects models for
013C and spring precipitation, with largest residuals observed for said models. Based on
this evidence, we suspect that some water from the extreme September 2013 precipitation
event was stored through the winter and into the 2014 growing season when P. ponderosa
trees were able to utilize it for growth.

Hydrological data suggest that water from the September, 2013 event may have
been stored at depth. Water tables rose in Betasso by amounts similar to those seen during
spring snowmelt. Importantly, the water table remained higher than would be expected
without the September precipitation event through the following growing season. In

porous soils P. ponderosa typically root to depths of greater that 2 m, with roots observed
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at depths up to 12 m in fractured bedrock (Oliver and Ryker 1990). The depth from which
P. ponderosa draw water for growth is not entirely clear and likely site dependent, but
Brooks et al. (2002) found in a Pacific Northwest ponderosa pine forest that only 18-30%
of summer soil moisture depletion in the upper 2m of soil occurred in the upper 60cm.
Groundwater depths at the Betasso well exceeded these depths, but the well is located
higher in the catchment than the sampled plot, where depth to groundwater may have
been smaller. Without more direct measurement, it remains unclear whether the sampled
trees could have had access to groundwater.
Conclusion

Stable carbon isotopic analysis suggests that the extreme summer precipitation
event in September 2013 resulted in increased water availability the following year for
ponderosa pine trees in the catchment sampled in this study. Latewood built in 2013 did
not have anomalously negative 913C, as growth likely ceased before September, but
latewood from 2014 did. In general, summer precipitation like the 2013 event was not
predictive of latewood 013C for that year, as spring precipitation was the dominant water
source for P. ponderosa growth. This suggests that moisture received in September is not
utilized for growth in these trees, unless an event is sizable enough to be stored as deep soil
moisture of recharge groundwater until the following growing season. Based on these
findings, a shift towards more summer precipitation and less winter and spring
precipitation may result in less water available to ponderosa pines for growth, unless the
summer precipitation events are sufficiently intense to induce deep infiltration and

increase storage through the following growing season.

19



Acknowledgements

This thesis would not have been possible without the mentorship and continual support of
Holly Barnard, my advisor and thesis committee member. Thank you to additional
committee members Barbara Demmig-Adams and Thomas Veblen. Additional thanks to
Kathryn Snell and Brett Davidheiser-Kroll for assistance with isotopic analysis and isotopic
data correction. Data were provided by the NSF funded Boulder Creek Critical Zone
Observatory. Finally, thank you to Pieter Johnson, Andrew Manning, Vicky Crystal,

Katharine Suding, and Kate Tara for their support, input, and assistance.

20



References

Adams HD, Kolb TE. 2004. Drought responses of conifers in ecotone forests of northern
Arizona: tree ring growth and leaf §13C. Oecologia 140:217-225.
doi:10.1007/s00442-004-1585-4.

Adams HR, Barnard HR, Loomis AK. 2014. Topography alters tree growth-climate
relationships in a semi-arid forested catchment. Ecosphere 5:1-16.
doi:10.1890/ES14-00296.1.

Anderson S, Rock N. 2017. "CZO Dataset: Betasso - Well Water Levels (2013-2017) -
(BT_GW_1_Pducer)." Retrieved 18 June 2017, from
http://criticalzone.org/boulder/data/dataset/3742/

Barnard HR, Brooks JR, Bond BJ. 2012. Applying the dual-isotope conceptual model to
interpret physiological trends under uncontrolled conditions. Tree Physiol
32:1183-1198. d0i:10.1093 /treephys/tps078.

Brooks JR, Meinzer FC, Coulombe R, Gregg ]. 2002. Hydraulic redistribution of soil water
during summer drought in two contrasting Pacific Northwest coniferous forests.
Tree Physiol. 22:1107-1117.

Clow DW. 2010. Changes in the timing of snowmelt and streamflow in Colorado: A
response to recent warming. J. Climate 23:2293-2306.

doi:10.1175/2009]CLI2951.1.

Cook ER, Johnson AH, Blasing TJ. 1987. Forest decline: modeling the effect of climate in tree

rings. Tree Physiol 3:27-40. doi:10.1093 /treephys/3.1.27.

21



Cowie RM. 2010. The hydrology of headwater catchments from the plains to the
continental divide, Boulder Creek watershed, Colorado. Geological Sciences
Graduate Theses & Dissertations. Paper 13.

CSFS (Colorado State Forest Service). 2008. Colorado statewide forest resource assessment
[Internet]. [Cited 20 July 2017.] Available from http://static.colostate.edu/client-
files/csfs/pdfs/SFRAQ9_csfs-forestassess-web-bkmrks.pdf

Jaggi M, Saurer M, Fuhrer ], Siegwolf R. 2002. The relationship between the stable carbon
isotope composition of needle bulk material, starch, and tree rings in Picea abies.
Oecologia 131:325-332. d0i:10.1007/s00442-002-0881-0.

Kerhoulas LP, Kolb TE, Koch GW. 2013. Tree size, stand density, and the source of water
used across seasons by ponderosa pine in northern Arizona. Forest Ecology and
Management 289:425-433. d0i:10.1016/j.foreco.2012.10.036.

Kerhoulas LP, Kolb TE, Koch GW. 2017. The influence of monsoon climate on latewood
growth of southwestern ponderosa pine. Forests 8:140. doi:10.3390/f8050140.

Knowles N, Dettinger MD, Cayan DR. 2006. Trends in snowfall versus rainfall in the
Western United States. J. Clim. 19:4545-4559. do0i:10.1175/]JCLI3850.1.

Koch GW, Mullin LP. 2010. The ecohydrology and management of Pinus ponderosa forests
in the Southwest. Northern Arizona University. [accessed 2017c Aug 23].
https://wrrc.arizona.edu/sites/wrrc.arizona.edu/files/PinusPonderosaForestMana
gementProject.pdf.

Leavitt SW, Danzer SR. 1993. Method for batch processing small wood samples to
holocellulose for stable-carbon isotope analysis. Anal. Chem. 65:87-89.

doi:10.1021/ac00049a017.

22



Leavitt SW, Wright WE, Long A. 2002. Spatial expression of ENSO, drought, and summer
monsoon in seasonal 613C of ponderosa pine tree rings in southern Arizona and
New Mexico. ].-Geophys.-Res. 107:4349. d0i:10.1029/2001JD001312.

Loader N. 2004. Stable isotopes in tree rings. Quaternary Science Reviews 23:771.

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut ], Sperry ], West A,
Williams DG, et al. 2008. Mechanisms of plant survival and mortality during
drought: why do some plants survive while others succumb to drought? New
Phytologist 178:719-739. doi:10.1111/j.1469-8137.2008.02436.x.

Oliver WW, Ryker AR. 1990. Silvics of North America (Agriculture Handbook 654). United
States Forest Service. Chapter: Ponderosa Pine.

Perkins DL, Swetnam TW. 1996. A dendroecological assessment of whitebark pine in the
Sawtooth-Salmon River region, Idaho. Can. J. For. Res. 26:2123-2133.
doi:10.1139/x26-241.

Roden ]S, Bowling DR, McDowell NG, Bond BJ, Ehleringer JR. 2005. Carbon and oxygen
isotope ratios of tree ring cellulose along a precipitation transect in Oregon, United
States. ]. Geophys. Res. 110:G02003. d0i:10.1029/2005JG000033.

Roden JS, Ehleringer JR. 2007. Summer precipitation influences the stable oxygen and
carbon isotopic composition of tree-ring cellulose in Pinus ponderosa. Tree Physiol
27:491-501. doi:10.1093 /treephys/27.4.491.

Sparks JP, Ehleringer JR. 1997. Leaf Carbon Isotope Discrimination and Nitrogen Content

for Riparian Trees along Elevational Transects. Oecologia 109:362-367.

23



Stahle DW, Cleaveland MK. 1988. Texas Drought History Reconstructed and Analyzed from
1698 to 1980. ]. Climate 1:59-74. doi:10.1175/1520-
0442(1988)001<0059:TDHRAA>2.0.CO;2.

Thomas CK, Law BE, Irvine ], Martin ]G, Pettijohn JC, Davis K]J. 2009. Seasonal hydrology
explains interannual and seasonal variation in carbon and water exchange in a
semiarid mature ponderosa pine forest in central Oregon. J. Geophys. Res.
114:G04006. doi:10.1029/2009]G001010.

Walsh ], Wuebbles D, Hayhoe K, Kossin ], Kunkel K, Stephens G, Thorne P, Vose R, Wehner
M, Willis ], Anderson D, Doney S, Feely R, Hennon P, Kharin V, Knutson T, Landerer
F, Lenton T, Kennedy |, and Somerville R. 2014. Ch. 2: Our changing climate. Climate
change impacts in the United States: The third national climate assessment, J. M.
Melillo, Terese (T.C.) Richmond, and G. W. Yohe, Eds., U.S. Global Change Research
Program, 19-67. doi:10.7930/JOKW5CXT.

Veblen TT, Kitzberger T, Donnegan J. 2000. Climatic and Human Influences on Fire Regimes
in Ponderosa Pine Forests in the Colorado Front Range. Ecological Applications

10:1178-1195. doi:10.1890/1051-0761(2000)010[1178:CAHIOF]2.0.CO;2.

24



