Tree Physiology 27, 491-501
© 2007 Heron Publishing—Victoria, Canada

Summer precipitation influencesthe stable oxygen and carbon isotopic
composition of tree-ring cellulose in Pinus ponderosa

JOHN S. RODENY2 and JAMES R. EHLERINGER®
! Department of Biology, Southern Oregon University, Ashland, OR 97520, USA

2 Corresponding author (rodenj@sou.edu)

3 Sable Isotope Ratio Facility for Environmental Research, Department of Biology, University of Utah, Salt Lake City, UT 84112, USA

Received December 2, 2005; accepted November 6, 2006; published online January 2, 2007

Summary The carbon and oxygen isotopic composition of
tree-ring cellulose was examined in ponderosa pine (Pinus
ponderosa Dougl.) treesin the western USA to study seasonal
patterns of precipitation inputs. Two sites (Californiaand Ore-
gon) had minimal summer rainfall inputs, whereas athird site
(Arizona) received as much as 70% of its annual precipitation
during the summer months (North American monsoon). For
the Arizonasite, both the 820 and 8'*C val ues of latewood cel-
lulose increased as the fraction of annual precipitation occur-
ring in the summer (July through September) increased. There
were no trends in latewood cellulose 50 with the absolute
amount of summer rain at any site. The *C composition of
latewood cellulose declined with increasing total water year
precipitation for al sites. Years with below-average total pre-
cipitation tended to have a higher proportion of their annual
water inputs during the summer months. Relative humidity
was negatively correlated with latewood cellulose °C at all
sites. Treesat the Arizonasite produced | atewood cellul osethat
was significantly more enriched in **0 compared with trees at
the Oregon or Californiasite, implying agreater relianceon an
80-enriched water source. Thus, tree-ring records of cellulose
580 and 3**C may provideuseful proxy information about sea-
sonal precipitation inputs and the variability and intensity of
the North American monsoon.

Keywords: drought, humidity, isotopes, latewood, monsoon,
pine, seasonal rainfall, wood.

Introduction

The oxygen isotopic composition of cellulose is primarily a
function of the 5'°0 of water taken up by plants (Anderson et
al. 1998, Wright et al. 1998, Robertson et a. 2001). However,
other environmental factors such as the 8'°0 of atmospheric
water vapor and factors that modify leaf water evaporative en-
richment such as vapor pressure deficit also play an important
role (Edwards et a. 1986, Lipp et a. 1996, Roden and
Ehleringer 1999b). In addition, the "0 of cellulose s influ-
enced by exchange with medium water at the site of synthesis

(Sternberg et a. 1986, Yakir and DeNiro 1990, Roden and et
al. 2000). Meteoric water 5'°0isafunction of the environmen-
tal conditionsat the point of initial evaporation of the moisture
source (Wright et al. 2001), condensation temperature (Dans-
gaard 1964, Welker 2000) and Rayleigh distillation processes
that occur as clouds advance across the landscape (Dansgaard
1964). Trees take up water from many sources including re-
cent precipitation inputs, former precipitation inputs from
deeper soil layers (winter recharge; Tang and Feng 2001),
ground water derived from multiple year inputsand, in special
cases, seawater and fog water (Ehleringer and Dawson 1992,
Lin and Sternberg 1993, Dawson 1998, Dawson and Ehler-
inger 1998). Because the 5'°0 of these water sources can vary
widely, the 50 of tree ring cellulose may provide a unique
opportunity to probe annual variation in plant water use and
associated climate variation.

In certain regions, such asthe southwestern USA, both sum-
mer and winter precipitation provide substantial portions of
annual water inputs (Adams and Comrie 1997, Sheppard et al.
2002). In other regions (e.g., Californiaand the Pacific North-
west), summer storm events are rare. These differences relate
to the position of a dominant high-pressure system in the
North Pacific during summer months (Barron et al. 2003),
which influences convective storm formation with moisture
originating from the eastern Pacific (the North American mon-
soon; Wright et al. 2001). Monsoonal precipitation in Arizona
and New Mexico results from a shift in prevailing wind direc-
tions associated with a thermal low-pressure area located in
the desert Southwest and a subtropical high-pressure located
inthe Azores(Adamsand Comrie 1997, Sheppard et a. 2002).

There are indications that shiftsin the interannual variation
of summer precipitation inputs in the desert southwest have
occurred over recent (Kim 2002) to millennia scales (Feng
and Epstein 1994). Shifts in sea surface temperature associ-
ated with El Nifio/La Nifia Southern Oscillations (ENSO;
Wright et al. 1998, Pendall 2000) and Pacific Decadal Oscilla-
tions (PDO; Sheppard et al. 2002) appear to modify the pre-
cipitation patterns of thisregion, with consequences acrossthe
North American continent. For example, because of a shift in
flow patterns, heavy winter rainsin the desert southwest often
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coincide with unusually dry periods in the Pacific Northwest
(i.e., Oregon; Sheppard et a. 2002). We expect these inter-
annual variations in precipitation to be recorded in the &'°0
values of treerings. Interannual and decadal variations in the
North American monsoon can have significant impacts on
both ecosystem function (Kim 2002) and human activities
(Dettinger et al. 1998).

Precipitation arriving during the warm months of summer
will be more enriched in the heavy isotopes of hydrogen and
oxygen than winter precipitation (Dansgaard 1964, Mazor
1991). Therefore, plantsthat receive and rely on summer rain-
fall inputs would be expected to have higher 50 values in
their organic matter (Weiguo et al. 2004). Growth rings of
long-lived trees, subfossil wood and archaeological remains
provide avaluable record of variation in monsoonal precipita-
tion (Fritts 1976, 1991), and can be subdivided into seasonal
components ( Fritts 1976). The latewood portion of atreering
isproduced near the end of the growing season and i s expected
to reflect summer water inputs.

However, the 880 in organic matter is a function of both
water source and humidity (Edwards et al. 1986, Lipp et a.
1996, Roden and Ehleringer 1999b). Humidity strongly influ-
ences the output of amechanistic model that predicts cellulose
5'0 values from environmental inputs (Roden et al. 2000).
Thus, if summer rains bring reduced vapor pressure deficits
and less evaporative enrichment, the increase in tree ring 5°0
with enriched summer water inputs could be less than ex-
pected. In one recent study along a precipitation transect,
Roden et al. (2005) found that differences in vapor pressure
deficits between inland juniper and coastal spruce sites
masked large differencesin stem water %0 (> 5%o) producing
nearly identical latewood &'®0 values. Precipitation amount
may also affect organic matter 20 (Saurer 2003). Thus, to de-
termine how precipitation timing and amount modifies cellu-
lose 8180 values, we studied sites that differed in summer wa-
ter inputsbut weresimilar in total precipitation, aswell assites
that were similar in summer water inputs but differed in total
precipitation.

Roden et a. (2005) found that their ability to de-convolute
theinformation in the "0 of latewood cellulose could be en-
hanced by including carbon isotope data. The '*C of organic
matter is strongly related to water status and humidity
(Comstock and Ehleringer 1992, Saurer et a. 1995, Stewart et
al. 1995, Hemming et al. 1998). Stomatal closure associated
with water stress or high vapor pressure deficits will reduce
intercellular CO, concentrations and reduce discrimination
against °C by Rubisco (Farquhar et al. 1982, 1989). Thus,
&C in organic matter has been used to estimate plant wa-
ter-use efficiency (Hubick et al. 1986, Farquhar et a. 1989,
Feng 1999). Summer rainfall amounts and timing may amelio-
rate seasonal drought stress (Schwinning et al. 2002) and po-
tentially affect organic matter 3°C. We expect the measure-
ment of both carbon and oxygen isotopes to provide a useful
approach to delineating source water and water status contri-
butionsto variationsin isotopic composition of tree-ring cellu-
lose.

The goal of our study was to assess how 5'°0 and 5C of

tree-ring cellulose respond to variation in summer precipita-
tion inputs. We selected to study ponderosa pine (Pinus pon-
derosa, Dougl.), awidely distributed, relatively long-lived co-
nifer that produces easily distinguishable annual growth rings.
It is the most common tree species at high elevations in the
southwestern USA and occurs in extensive stands in eastern
Oregon and Cdlifornia (Harlow et a. 1979). Our hypothesis
wasthat treesgrowing at sitesthat differ in summer rainfall in-
puts differ in their carbon and oxygen isotopic composition of
latewood cellulose. Specifically, we predicted that: (1) treesin
areas exposed to monsoonal precipitation inputs have higher
latewood cellulose 30 values with increasing summer rain-
fall inputs representing increased use of a water source more
enriched in *80; (2) trees in areas exposed to monsoonal pre-
cipitation inputs have lower values of latewood cellulose **C
because of reduced water stress and water-use efficiency dur-
ing summer months; (3) treesin areas with little summer rain
arelessresponsiveto variation in summer rain in terms of both
5'0 and 5*°C; (4) variation in relative humidity modifies both
5'0 and 5™C valuesin tree ring cellulose through modifica-
tions of evaporative enrichment (for 3'0) and water-use effi-
ciency (for °C); and (5) between-site variation in total pre-
cipitation (with similar summer inputs) affects cellulose 5°C
more strongly than &'0.

Materialsand M ethods

Stelocations, descriptions and sampling

Inapreliminary study in 1997, cores were obtained from trees
on three sites: one in Arizona (near the city of Show Low,
34°16' N, 110° W, 1935 m as.l.); asecond in California (near
Bridgeport 38°26' N, 119°26 W, 1900 ma.s.l.); and thethirdin
Oregon (near Black Butte, 44°24' N, 121°40° W, 1090 m
as.l.). In 2002, different locations (Table 1) were chosen for
sampling that were better matched for precipitation inputs and
temperature. They represented: () high annual precipitation
sites, with high versuslow proportions of summer rainfall (Ar-
izonavs. California, Table 1); and (b) low summer precipita-
tion siteswith high versuslow annual precipitation (California
vs. Oregon). All sites were dominated by Pinus ponderosa of
various ages (Table 1). The sites where chosen on slopes well
above riparian zones to minimize the potentia for ground wa-
ter access. At each site, we sampled four healthy-looking trees
between 40 and 75 cm in diameter that were either canopy
dominants or subdominants. Cores (12 mm diameter) were
obtained from the four cardinal directions near the base of
each tree.

Sample processing and cellulose extraction

Annual growth increments over 40—45 years were measured
to the nearest 0.01 mm on all cores. Cores were cross-dated
based on total ring width (using the COFECHA program,
Grissino-Mayer 2001, data not shown), and any ring anoma:
lies were noted. Isotopic analysis was conducted on the tree
ringsfrom the three cores (analyzed separately) from each site
that produced the highest correlations from the cross-dating

TREE PHYSIOLOGY VOLUME 27, 2007



ISOTOPIC INDICATOR OF SUMMER RAIN IN TREE RINGS 493

Table 1. Sitedescriptions. Mean and range preci pitation datafor the Arizona, Californiaand Oregon siteswere derived from 58, 47 and 40 years of
weather station observations, respectively. The weather stationswere located 3, 4 and 15 km from, and were offset 25, 160 and 42 min elevation
from, thetreesat the Arizona, Californiaand Oregon sites, respectively. Abbreviations: MAP, mean annual precipitation; M SP, mean summer pre-

cipitation; and MSP (%), the proportion of MAP occurring in the summer.

Site Location Elevation Approx. tree L ocation of MAP (mm) MSP (mm) MSP (%)
(m) age (years) weather station (range) (range) (range)
Arizona 33°51' N, 109°10" W 2493 40-250 Alpine, AZ 529.1 253.0 47.8
(282-799) (140-542) (25-70)
Cdlifornia  39°24' N, 120°07' W 1860 30-150 Boca, CA 567.7 42.9 7.6
(131-1078) (0-173) (0-26)
Oregon 44°24' N, 121°40' W 1090 25-200 Sisters, OR 351.5 328 9.3
(129-611) (3-75) (1-25)

analysis. Annual rings were subdivided into earlywood and
latewood based on position and visual estimates of wood den-
sity (with the aid of a 20x dissecting microscope). The late-
wood cellulose from the annual rings was excised with a scal-
pel, and the samplesfrom the four cardinal directionsonasin-
gle tree were pooled and cut into small pieces with a razor
blade. The samplesweredried at 70 °C for 48 hand groundto a
fine powder with aball mill (Wig-L-Bug, Crescent, Elgin, IL).
For the preliminary (1997) study, only 6 years were sampled
(non-consecutive years chosen for differences in climate),
whereas for the 2002 study, all the rings from the last 35 years
were sampled.

About 50—100 mg of ground sample was loaded into fiber
filter bags (ANKOM, Fairport, NY') that were then heat sealed
for cellulose extraction. The procedure is modified from
Leavitt and Danzer (1993, see also Gaudinski et al. 2005).
Briefly, thefilter bagswere placed in aSoxhlet apparatusto re-
flux a2:1 (v/v) mix of toluene:ethanol for 24-h, followed by a
period of drying and another 24-h extraction (for lipids and
resins) with 95% ethanol. The bags were dried and then boiled
for 1 hto extract soluble sugars and low molecular mass poly-
saccharides. The sampleswere then “bleached” with asodium
chlorite:acetic acid solution that was periodicaly replaced
over a4-day extraction to remove lignin and other N contain-
ing compounds. To obtain pure a-cellulose, the sample was
exposed to 17% (w/v) NaOH, followed by an acetic acid solu-
tion to neutralize the pH and extensive rinsing with doubledis-
tilled water (Gaudinski et a. 2005). The a-cellulosewas dried
at 70°Cfor 48 h.

Analysis of stable carbon and oxygen isotope ratios

For &0 measurements, 0.09-0.11 mg of a-cellulose was
loaded into silver capsules and converted to CO by pyrolysis
(Saurer et a. 1998) in a hot (1400 °C) alumina:glassy carbon
reactor (Thermo-Finnigan TC/EA) and separated from other
gasesina0.6-m molecular sieve 5A gas chromatography (GC)
column connected to aFinnigan MAT deltaPlus XL isotopera
tio mass spectrometer. The mass spectrometerswerelocated at
the Stable Isotope Ratio Facility for Environmental Research
at the University of Utah.

For 3°C measurements, about 1 mg of a-cellulose was
loaded into tin capsules and combusted in an elemental ana-
lyzer (Carlo-Erba 1110) coupled to aFinnigan MAT deltaPlus
isotope ratio mass spectrometer. The precision of a-cellulose
standards run with the samples was 0.23%o for 820 (standard
deviation, n = 36) and was 0.16%o. for 8°C (n = 13).

Climate data

Historical climate data were obtained from the Western Re-
gional Climate Center (associated with the Desert Research
Institute, www.wrcc.dri.edu). Monthly climate summaries
were obtained for the weather station closest to each site. For
the 1997 study, the stations were located in Show Low, AZ,
Bridgeport, CA and Sisters, OR. For the 2002 study, the
weather stations and general precipitation summaries are
listedin Table 1. A water year, rather than acalendar year, was
used to determine total annual precipitation. The water year
was defined as October of the previous year through Septem-
ber of the current year. This definition relates best to the water
inputs availableto support tree growth associated with the cur-
rent year’stree ring. Summer precipitation was defined as that
recorded for the months of July through September. This
clearly matchesthe greatest water inputs associated with mon-
soonal storm systems at the Arizonasite (Figure 1). The three
sitesfor the 2002 study were well matched in temperature, de-
spite the great distances between them (about 1700 km be-
tween the Oregon and Arizona sites). Mean annual maximum
temperatureswere 16.1, 16.3 and 16.1 °C for the Arizona, Cal-
iforniaand Oregon sites, respectively. The siteswereaso sim-
ilar in mean annual (< 1.5 °C between sites), mean growing
season (< 1.4 °C, April to September), growing season mean
maximum (< 1.6 °C) and growing season mean minimum
(< 2.4 °C) temperatures.

Weather stations near our sites did not record relative hu-
midity, so we used PRISM spatia climate layers (http://ww-
w.ocs.orst.edu/prism/index.phtml; Daly et al. 2002) to esti-
mate mean dew point temperature at our site coordinates for
each month of the growing season from 1967 to 2002. Relative
humidity was then calculated from PRISM-derived air tem-
peratures for spring (April to June) and summer (July to Sep-
tember) months. Regional Palmer Drought Severity Index
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Figure 1. Mean monthly precipitation recorded at the weather stations
closest to each site.

(PDSI; Palmer 1965) datafor each site were obtained from the
National Climate Data Center (NOAA, http://lwf.ncdc.no-
aa.gov/oalncdc.html). Information on monthly snow depth
from nearby stations was obtained from SNOTEL datasets
(USDA, Natural Resource Conservation Service, http://mwww-
.wcce.nres.usda.gov/snow). Correlation analysis based on
Pearson’s correlation coefficients was performed with SPSS
11.0 software (SPSS, Chicago, IL).

Results

Time series of tree ring and environmental measurements

Trees at the Arizona site had consistently more *¥0-enriched
latewood cellulosethan treesat either the Oregon or California
site (Figure 2A). Mean (and range) latewood &'%0 was 35.1
(3.2), 30.8 (2.9) and 29.6 (3.9)%o for trees growing at the Ari-
zong, Californiaand Oregon sites, respectively. The maximum
variation in latewood &0 between two consecutive yearswas
between 3 and 4%. for trees at all sites, indicating that treering
5'0 records interannual variation in environmental inputs.
Tree-ring 5**C was | ess variable between sites than 5*°0 (Fig-
ure 2B). Mean (and range) latewood 3%°C was —22.4 (2.0),
—22.0(2.3) and—23.2 (1.9)%o for trees growing at the Arizona,
Cdliforniaand Oregon sites, respectively. Treesgrowing at the
Arizona site had the greatest interannual variation in ring
widths, whereastrees growing at the Oregon site produced the
least (Figure 2C). Mean (and range) ring width was 2.40
(2.77), 2.29 (1.32) and 2.00 (0.99) mm for trees growing at the
Arizona, California and Oregon sites, respectively.

In general, the Oregon site experienced higher relative hu-
miditiesthan the other sites (Figure 3A), with the exception of
the summer months when the Arizonasite was normally more
humid (datanot shown). Mean (and range) growing season rel -
ative humidity (PRISM modeled) was 18.7 (7.1), 21.6 (11.5)
and 27.7 (10.8)% for the Arizona, Californiaand Oregon sites,
respectively. Water year precipitation (Figure 3B and Table 1)
was more variable at the California site than at the other sites.
Interannual variation in water year precipitation between con-
secutiveyearswasashigh as517, 747 and 353 mm for the Ari-
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Figure 2. Time series of the mean (n = 3) latewood cellulose 520
(panel A), 8°C (panel B) and annual growth increment (panel C) for
ponderosa pinetrees growing at three sitesin the western USA. Mean
between-tree variation (standard deviation) was 1.85, 0.81 and 1.07
for 5%0 (panel A); 0.99, 0.34 and 0.64 for 3'°C (panel B); 0.86, 0.59
and 0.75 for ring width (panel C) for the Oregon, Californiaand Ari-
zona sites, respectively.

zong, Californiaand Oregon sites, respectively. Treesgrowing
at the Arizona site received a greater proportion of their total
water inputs as summer rain (Figure 3C and Table 1). Inter-
annual variation in the amount of summer rain as a percent of
total precipitation was also greater at the Arizona site, with
differences from one year to the next as high as 46.5%.

Correlations between tree ring measurements and
precipitation inputs

Table 2 presents correlation coefficients between rainfall pa-
rameters and tree ring isotope and width measurements. The
correlation between summer rain as a percent of total water
year precipitation and cellulose 50 was significant for trees
at the Arizona site (slope = 0.038%0 %) but not for trees at
sites with minimal summer rainfall inputs (Oregon and Cali-
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Figure 3. Time series of the growing season (April to September) rela-
tive humidity as estimated by the PRISM model (panel A), water year
precipitation (panel B) and the amount of summer precipitationinputs
as a proportion of total water year precipitation (panel C) for three
sitesin the western USA.

fornia). Therewere no significant correlations between the ab-
solute amount of summer rainfall and 3*20 in latewood cellu-
losefor trees at any site. Thus, the amount of summer rain asa
percentage of total water year precipitation appears to be a
more valuableindicator of summer water use than the absol ute
amount.

Therewasasignificant declinein latewood cellulose 80 iin
trees at the Arizona site for years with high total water year
precipitation (Table 2; slope = —0.0038%0 mm™). No signifi-
cant correlations between total water year precipitation and
tree ring 5°0 were observed for trees at the Oregon and Cali-
fornia sites. Preliminary data from 1997 showed no trendsin
5'0 of latewood cellulose with total water year precipitation
(data not shown), but showed an increase in cellulose 50
with increased amounts of summer rain for the Arizona site
only (Figure 4). Although the sites sampled during 2002 were
better matched intotal precipitation and proportion of summer
rain than the sites included in the preliminary 1997 study, the
similarity of theresultsin these studiesimply that our findings
may be general and apply on broad regional as well as local

scales.

Latewood cellulose 8"C values were higher for trees at the
Arizonasitefor yearsin which treesreceived agreater propor-
tion of their annual water inputsassummer rain (Table 2, slope
=0.021%0 %*). However, there appeared to be no rel ationship
between latewood cellulose **C values and summer rain (asa
percent of total precipitation) for trees at the Oregon and Cali-
forniasites. For al three sites, there was a significant negative
correlation between total water year precipitation and late-
wood cellulose 8°C. The slopes were —0.0033, —0.0010 and
—0.0025%0 mm~* for the Arizona, Californiaand Oregon sites,
respectively. Treesat all sites exhibited a negative relationship
(significant for the Oregon and Californiasites) between 5C
in latewood cellulose and total summer rain (Table 2).

Carbon isotope discrimination (A™C) was calculated
(Farquhar et a. 1982) to correct for changes in atmospheric
OBC (estimated from Francey et al. 1999). Although using
A™C changed the sign of correlations (A¥C values are posi-
tive, whereas 5**C values are negative) with precipitation pat-
terns and amounts, there were only minor changesin correla-
tion coefficients or their significance (data not shown). This
was expected because the A™C correction should have a
greater influence on low frequency (decadal to millennial)
variation in atmospheric conditions than high frequency (an-
nual and seasonal) variation in precipitation patterns.

Ring widths of trees at the Arizonasite were negatively cor-
related with summer rain as a percent of total water year pre-
cipitation (Table 2; slope=—0.026 mm %*). Changesin sum-
mer precipitation did not seemto alter ring width of treesat the
Oregon and Cdliforniasites. There was no significant correla
tion between absolute summer rainfall amount and mean ring
width for trees at any site. Trees growing at the Arizona and
Cdlifornia sites had significant positive correlations between
total water year precipitation and mean ring width, but the re-
lationship was not strong at either site (slopes = 0.0022 and
0.0008 mm mm™ for Arizona and California trees, respec-
tively).

Although there were significant positive correlations be-
tween the amount of summer rain and total water year precipi-
tation (Table 2), there were significant negative correlations
between summer rain asapercent of total precipitation and to-
tal water year precipitation. Thisimpliesthat yearsthat have a
higher proportion of water inputs in the summer months are
years that tend to be drier than normal. This relationship was
particularly strong for the Arizona site.

An often-used indicator of water stress is the Palmer
Drought Severity Index (PDSI; Palmer 1965). The only sig-
nificant correlations of monthly PDS| estimates and tree-ring
5'0 were observed for the summer period and for trees at the
Arizonasite (Figure 5A). For all sites, correlations of monthly
PDSI and tree ring 8**C were consistently negative. The corre-
lations were significant for virtually every month for trees at
the Arizona and California sites, whereas trees at the Oregon
site produced fewer significant correlations with PDSI (Fig-
ure 5B). Latewood cellulose 5**C values were also negatively
correlated with both the maximum winter and April
snow-pack measurements (from SNOTEL stations nearest to
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Table 2. Correlation between rainfall parameters from nearby weather stations and the latewood cellulose 520 and 3*3C values aswell as mean
ring width of trees growing on three sites that differed in the amounts of summer precipitation inputs. Summer rain (SR) refersto the sum of the
precipitation received at that site during the months of July, August and September. Summer rain as apercent of total is calculated as a percentage
of annual water year precipitation (WY P), which isthe sum of monthly values starting with October of the previousyear and ending with Septem-
ber of the current year. Valuesare Pearson’s correl ation coefficientswith the P valuein parentheses. Significant correlations areindicated by aster-

isks: **, P <0.01; and *, P < 0.05.

Arizona California Oregon

SR SR WYP SR SR WYP SR SR WYP
(% of total) (% of total) (% of total)

580 of latewood cellulose

—-0.004 0.457** —0.431* -0.147 -0.163 0.011 —-0.151 —0.040 -0.191

(0.984) (0.010) (0.015) (0.398) (0.350) (0.950) (0.410) (0.827) (0.296)

813C of latewood cellulose

-0.215 0.437* —0.668** —0.395* -0.028 —0.583** —0.450** -0.004 —0.505**

(0.245) (0.014) (<0.01) (0.019) (0.875) (<0.01 (0.010) (0.983) (<0.01

Mean ring width

—-0.050 —0.526** 0.427* 0.095 -0.322 0.521** —-0.029 -0.092 0.072

(0.791) (<0.01) (0.017) (0.586) (0.059) (<0.01) (0.874) (0.610) (0.692)

Water year precipitation

0.466* * —0.458** 0.405* —-0.250 0.315 —-0.363*

(<0.02) (0.010) (0.016) (0.147) (0.074) (0.038)

our sites); however, the correlations were significant for the
Cdlifornia site only (data not shown).
Tree ring measurements and relative humidity

Table 3 presents the Pearson correlation coefficients between
humidity parametersand tree-ring isotope and ring width mea-
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Figure4. Effect of summer rain asapercent of total water year precip-
itation on the 50 of latewood cellulose of pine trees. This prelimi-
nary dataset was collected in 1997 at different field sitesto those of the
2002 study. The tree rings sampled for the 1997 study were not con-
secutive, but were chosen from yearswith distinct differencesin sum-
mer rainfall.

surements. All correlation coefficients for the relationship be-
tween latewood cellulose 30 and relative humidity (spring,
summer or entire growing season) were negative, indicating
that the reduction in leaf evaporative enrichment due to in-
creased humidity was recorded in tree-ring 0. However,
correlations with summer humidity were significant for the
Oregon and Cadlifornia sites only. The greatest slope
(—0.142%0 %) was for trees at the California site, indicating
that for every 10% increase in summer relative humidity, the
580 of latewood cellulose declined by 1.42%o.

All correlation coefficients for the relationship between
latewood cellulose 8C and rel ative humidity were significant
and negative (Table 3), indicating that the effect of increased
humidity on enhanced water-use efficiency in leaves was re-
corded in tree-ring 3**C. The slopes ranged from —0.101 to
—0.216%0 %, implying that for a10% increasein rel ative hu-
midity (irrespective of season), 8°C of latewood cellulose de-
clined between 1 and 2%o.

Diameter growth of ponderosa pinetrees|ocated at the Ore-
gon and California sites was unresponsive to changesin rela
tive humidity (Table 3). Trees at the Arizona site increased
ring width in response to increased relative humidity, espe-
cialy during spring. The hyperarid period (from April to June)
is particularly important for the hydrology of plants growing
in Arizona, and any increase in moisture during spring could
increase plant growth. Relative humidity was positively corre-
lated with precipitation inputs (data not shown), as expected
becausethe PRISM model (Daly et a. 2002) uses meteorol og-
ical data, including precipitation, from local weather stations
to make interpolations of dew point temperature at different
locations.
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Figure 5. Pearson's correlation coefficients between latewood cellu-
lose 320 (A) or 3*3C (B) and monthly Palmer Drought Severity |ndex
for each site. Horizontal lines indicate significance of correlations.
Symbols: ¢, Arizona; O, California; and l, Oregon.

Discussion

Tree-ring chronologies are aval uable resource for probing cli-
mate variation. Chronologies can use variation in ring widths
(Schulman 1956), ring density (Fritts 1976, Schweingruber
1990), ring structure (fal selatewood bands; Wright et al. 1998,
Meko and Baisan 2001), and the carbon, hydrogen and oxygen
isotopic composition of organic matter (Edwards and Fritz
1986, Saurer et a. 1995, Anderson et a. 1998, Hemming et al.
1998, Pendall, 2000, Robertson et al. 2001) as proxiesfor ava-
riety of climate parameters (e.g., temperature, precipitation,
humidity). Our study extends the use of tree ring information
to examination of seasonal water inputs and their importance
to tree water balance.

Comparison of preliminary results (1997 sampling) with
those from our larger dataset (2002 sampling) showed a con-
sistent patternin cellulose 'O val ues. Treesfrom regionsthat
received alarger fraction of their total precipitation as summer
rain produced cellulose in the latewood region of the treering
that was more enriched in *20. These results support our hy-
pothesisthat summer rainfall inputs enriched in 2O will bere-
corded inlatewood cellulose. Thelack of relationship between
latewood cellulose 3*%0 and total water year precipitation was
also relatively consistent between the 1997 and 2002 studies.
In contrast, Weiguo et a. (2004) found a positive correlation
between annual precipitation and tree-ring &0 in Chinese
pine; however, wholeringswere measured in their study rather
than latewood. Although our preliminary study lacked suffi-
cient statistical power to allow definite conclusions about sum-
mer water use, the similarity in patterns among sites separated
by over 100 km (e.g., Show Low versus Alpine Arizona) dem-
onstrate that the results from the 2002 study were not simply a
local phenomenon.

For the Arizona site, significant correlations were observed
between latewood cellulose "0 val ues and the proportion of
total precipitation that came in summer months, but not with

Table 3. Correlation between rel ative humidity (RH) devel oped from the PRISM mode! and thelatewood cellulose 580 and 5'°C valuesaswell as
mean ring width of trees growing on three sites that differed in the amounts of summer precipitation inputs. Spring RH values represent mean
PRISM estimates for April, May and June. Summer RH values represent mean PRISM estimates for July, August and September, and growing
season RH values represent mean estimatesfor all six months. Values are Pearson’s correl ation coefficients with the P value in parentheses. Sig-
nificant correlations are indicated by asterisks: **, P < 0.01; and *, P < 0.05.

Arizona California Oregon

Spring Summer Growing Spring Summer Growing Spring Summer Growing
RH RH Season RH RH RH Season RH RH RH Season RH
50 of latewood cellulose

-0.291 —-0.209 -0.334 -0.117 —-0.381* -0.251 —0.056 -0.377* -0.255
(0.112) (0.259) (0.067) (0.503) (0.024) (0.145) (0.759) (0.031) (0.153)
813C of latewood cellulose

—0.574** —-0.386* —0.639%* —0.548** —0.639** -0.678** —-0.361* —0.566** —0.600**
(<0.02) (0.032) (<0.01) (<0.02) (<0.02) (<0.02) (0.039) (<0.02) (<0.02)
Mean ring width

0.566* * 0.196 0.496** 0.086 0.210 0.154 0.216 0.028 0.186
(<0.02) (0.291) (<0.01) (0.625) (0.226) (0.378) (0.227) (0.877) (0.300)
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the absolute amount of summer rain. Thisimpliesthat it is not
simply the amount of **0-enriched rain that falls in the sum-
mer that causes enrichment in cellulose 5'°0, but how impor-
tant that rain isto whole-plant water balance. The effect of pre-
cipitation events on the water balance of atree depends on the
amount of soil water present at the beginning of each event
(Landsberg and Gower 1997). In addition, the intensity and
duration of summer storm events can determine whether pre-
cipitation inputsinfiltrate soils deeply and become ausablere-
source, or whether they are mainly lost to evaporation or run-
off. Studiesin desert ecosystems have shown that the ability of
plantsto utilize apulse of water (asignificant rain event) varies
depending on species (functional type), rooting depth and sea
son (Ehleringer et a. 1999).

Overall, the latewood cellulose of trees at the Arizona site
was enriched in 80 by 5%o compared with the Oregon or Cali-
fornia sites, indicating that reliance on summer rain is re-
corded in tree-ring cellulose. Site differences in relative hu-
midity may have haveinfluenced cellulose 80 throughits ef-
fects on leaf evaporative enrichment (Roden and Ehleringer
1999a). However, growing season humidity was only 9%
lower at the Arizona site compared with the Oregon site. A
mechanistic model devel oped to predict 520 in organic matter
using environmental inputs (Roden et al. 2000) predictsthat a
9% decreasein relative humidity would modify cellulose 5**0
values by 2%.. This approximation may be high because mini-
mal differences in relative humidity between sites were esti-
mated during summer months when latewood cellulose would
have been constructed (< 5%, with the Arizona site having the
highest summer humidity). This analysis does not take into
consideration the effects of humidity on secondary evapora-
tion of water sources that can influence needle cellulose 50
(Wright and Leavitt 2005). However, secondary evaporation
during summer months further enriches summer precipitation,
more clearly distinguishing it from predominately winter
sources (Oregon and California). Oxygenisotoperatiosof pre-
cipitation and resulting organic matter can be correlated with
temperature; however, this cannot explain the differences be-
tween sites because there were minimal differences in maxi-
mum and mean temperatures among sites. In addition, correla-
tion analysis of theinterannual variation in latewood cellulose
50 with mean, maximum and minimum temperatures over
an annual growing season or summer period were not statisti-
caly significant (with the one exception of growing season
mean temperature at the California site, data not shown). Al-
though it cannot be ruled out that other environmental differ-
ences between the sites played a role in modifying cellulose
5'0 values, the similarity between the sitesin humidity, tem-
perature and total water year precipitation, aswell ascompara-
bleresultsfor tree-ring cellulose 8°C and ring widths, indicate
that precipitation inputs enriched in 0 are likely the major
cause of higher 30 values in trees at the Arizona site. Thus,
differences in the timing of precipitation events appear to be
recorded in the differences in the 30 of latewood cellulose
for these trees. This aone suggests that long-term tree-ring
50 records may contain valuable information about changes
in monsoonal precipitation patterns in the southwestern

United States.

Ponderosa pine trees growing at the Oregon and California
sites responded (in organic matter 50, 5**C and ring widths)
similarly to changes in environmental inputs, whereas trees
growing at the Arizona sites were more distinct. The Oregon
and Californiasitesreceived similar amounts of summer rain,
but the Oregon site had substantially less total annual precipi-
tation, which impliesthat it is geographic differencesin sum-
mer rainfall inputs, not total precipitation, that mainly deter-
mines tree-ring isotopic variation. The data also support our
predictionsthat siteswith more limited summer rainfall inputs
are less responsive (especialy in terms of latewood cellulose
5'%0) to summer rainfall variation.

In contrast to our predictions, the 8C values of latewood
cellulosefor trees at the Arizona site increased when the trees
received a greater proportion of their water inputs as summer
rain. However, as predicted from carbon isotope theory
(Farquhar et a. 1989) and found in other studies (Saurer et al.
1995, Stewart et al. 1995, Leavitt et al. 2002), 5**C valuesin
trees at all sites declined with increasing water status as mea-
sured by total water year precipitation (Table 2) or PDSI (Fig-
ure5). Yearswith ahigh proportion of total precipitation com-
ing in the summer months tended to be years with low total
precipitation. This implies that, when winter recharge of soil
water islessthan normal, the summer precipitation inputs be-
comeincreasingly important, but plants may still be conserva-
tivein water use because of an overall water deficit. We specu-
late that as needles age they may become less responsive to
late summer increases in soil water, especialy if they devel-
oped under water-limited conditions.

The &°C values of latewood cellulose were negatively cor-
related with the absolute amount of summer rainfall and that
relationship was strongest for the Oregon and Californiasites.
Negative correlations between 3*C and summer precipitation
have also been found in spruce latewood cellulose (Treydte et
al. 2001) and cellulose from post-fal se latewood bandsin pine
(Leavitt et a. 2002). Our results indicate that, at sites with
minimal summer rainfall inputs, greater than normal summer
rain eventscan have alarger impact on treewater statusthanin
regions that normally receive alarge portion of their water in-
putsin the summer. A study in the Pacific Northwest ( Peterson
and Peterson 2001) showed that the growth of mountain hem-
lock was positively correlated with summer precipitation for
dry sites but not for wet sites.

Our ring width measurements indicate that the absolute
amount of summer rain is less important to diameter growth
than overall water deficit. Ring width was negatively corre-
lated (for trees at the Arizona site) with the proportion of total
precipitation that came in the summer months and positively
correlated with total water year precipitation (for trees at the
Arizona and Cadlifornia sites). Positive relationships between
ring widths and precipitation are common in the southwest
USA (Schulman 1956, Fritts 1976), and some studies have
demonstrated that the width of the latewood band may be a
more sensitive indicator of summer rainfall inputs than total
ring width (Meko and Baisan 2001, L eavitt et al. 2002, Watson
and Luckman 2002).
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The arid land ecosystems dominating regions of the south-
west USA are sensitive to the variability and timing of rainfall
events (Ehleringer et al. 1999). Thus, changesin precipitation
patterns or shifts in the monsoon climatic boundary, or both,
would impact ecosystem function and plant distributionin this
region. Monsoonal precipitation patterns may be influenced
by teleconnections with sea surface temperature in the Pacific
Ocean (Carleton et al. 1990, Higgins et al. 1998, Wright et al.
1998) and different phases of the ENSO cycle may affect sum-
mer precipitation patterns in the desert southwest (Andrade
and Sellers 1988, Carleton et a. 1990). Thus, global change
and associated modifications of the frequency and strength of
ENSO events (Wang 1995, Trenberth 1997) are likely to have
important impacts on the hydrologic cycle in this region. For
example, shiftsin precipitation anomalies associated with the
North American Monsoon may have occurred in the middle of
the 20th century (Kim 2002). However, the cause of these
changing precipitation patterns since 1960 is unclear because
of the lack of long-term records (Kim 2002).

Historical records of precipitation patterns for this region
could be provided by tree-ring analysis of ancient trees, espe-
cially Pinus ponderosa, because of its wide distribution and
longevity. However, ring widths alone may not provide aclear
picture of summer rainfall inputs. Our results demonstrate that
stable isotope analysis of latewood cellulose can provide an-
other way to probe historic precipitation patterns. Other stud-
ies (Feng et al. 1999, Weiguo et a. 2004) have successfully
used tree-ring hydrogen isotoperatio (3D) and 50 valuesasa
proxy for monsoon intensity in Asia. Pendall (2000) found
that 8D composition of cellulose from pifion pine (Pinus
edulis Engelm.) needles collected from New Mexico, USA,
were correlated with summer rainfall amounts as well aswith
ENSO events. Wright et al. (1998) found a strong relationship
between summer rainfall 5**0 and cellulose 80 extracted
from fal selatewood bandsin ponderosapinein Arizona. In ad-
dition, Leavitt et al. (2002) showed that 5**C of pinetreerings
can be correlated to summer precipitation amount, drought se-
verity and ENSO events. These studies in combination with
our results confirm the useful ness of stable isotope analysis of
latewood cellulose for documenting historic variation in the
North American monsoon climate system.

Acknowledgments

We thank Cameron Parker, Corey Weber, Julia Morales, Mike Lott
and Craig Cook who provided technical assistance. This study was
supported in part by a Southern Oregon University APSOU Research
Release Time grant (to JSR) and the Stable | sotope Ratio Facility for
Environmental Research at the University of Utah.

References

Adams, D.K. and A.C. Comrie. 1997. The North American monsoon.
Bull. Am. Meteorol. Soc. 78:2197-2213.

Anderson, W.T., SM. Bernasconi, JA. McKenzie and M. Saurer.
1998. Oxygen and carbon isotopic record of climatic variability in
treering cellulose (Picea abies): an example from central Switzer-
land (1913-1995). J. Geophys. Res. 103(D24): 31,625-31,636.

Andrade, E.R. and W.D. Sellers. 1988. El Nifio and its effects on pre-
cipitation in Arizona and Western New Mexico. J. Climatol. 8:
403-410.

Barron, JA., L. Huesser, T. Herbert and M. Lyle. 2003. High-resolu-
tion climatic evolution of coastal northern California during the
past 16,000 years. Paleoceanography 18:20-1-20-14.

Carleton, A.M., D.A. Carpenter and P.J. Weser. 1990. M echanisms of
interannual variability of the southwest United States summer rain-
fall maximum. J. Climate 3:999-1015.

Comstock, J.P. and J.R. Ehleringer. 1992. Correlating genetic varia-
tion in carbon isotopic composition with complex climatic gradi-
ents. Proc. Natl. Acad. Sci. USA 89:7747—-7751.

Daly, C., W.P. Gibson, G.H. Tylor, G.L. Johnson and P. Pasteris. 2002.
A knowledge-based approach to the statistical mapping of climate.
Climate Res. 22:99-113.

Dansgaard, W. 1964. Stable isotopes in precipitation. Tellus 16:
436-468.

Dawson, T. E. 1998. Fog in the Californiaredwood forest: ecosystem
inputs and use by plants. Oecologia 117:476—485.

Dawson, T.E. and J.R. Ehleringer. 1998. Plants, isotopes and water
use: acatchment-scal e perspective. In Tracersin catchment hydrol-
ogy. Eds. C. Kendall and J. McDonnell. Elsevier, Amsterdam, pp
165-202.

Dettinger, M.D., D.R. Cayan, H.F. Diaz and D.M. Meko. 1998.
North—south precipitation patterns in western North America on
interannual-to-decadal time scales. J. Climatol. 11:3095-3111.

Edwards, TW.D. and P. Fritz. 1986. Assessing meteoric water com-
position and relative humidity from *30 and ?H in wood cellulose:
paleoclimatic implications for southern Ontario, Canada. Appl.
Geochem. 1:715-723.

Ehleringer, J. R. and T.E. Dawson. 1992. Water uptake by plants: per-
spectives from stable isotope composition. Plant Cell Environ.
15:1073-1082.

Ehleringer, J.R., S. Schwinning and R. Gebauer. 1999. Water use in
arid land ecosystems. In Physiological plant ecology. Eds.
M.C. Press, J.D. Scholesand M.G. Barker. Blackwell Science Ltd.
Oxford, pp 347—365.

Farquhar, G.D., M.H. O’'Leary and JA. Berry. 1982. On the relation-
ship between carbon isotope discrimination and the intercellular
carbon dioxide concentration in leaves. Aust. J. Plant Physiol.
9:121-137.

Farquhar, G.D., JR. Ehleringer and K.T. Hubick. 1989. Carbon iso-
tope discrimination and photosynthesis. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 40:503—-537.

Feng, X. and S. Epstein. 1994. Climatic implications of an 8000-year
hydrogen isotope time series from Bristlecone pine trees. Science
265:1079-1081.

Feng, X. 1999. Trendsinintrinsic water-use efficiency of natural trees
for the past 100—200 years: aresponse to atmospheric CO, concen-
tration. Geochim. Cosmochim. Acta 63:1891-1903.

Feng, X., C. Haiting, K. Tang and L.E. Conkey. 1999. Tree-ring dD as
an indicator of Asian monsoon intensity. Quat. Res. 51:262—266.

Francey, R.J., C.E. Allison, D.M. Etheridge, C.M. Trudinger, 1.G.
Enting, M. Leuenberger, R.L. Langenfelds, E. Michel and L.P.
Steele. 1999. A 1000-year high precision record of 3**C in atmo-
spheric CO,. Tellus 51B:170-193.

Fritts, H.C. 1976. Tree rings and climate. Academic Press, London,
567 p.

Fritts, H.C. 1991. Reconstructing large-scale climate patterns from
tree-ring data. University of Arizona Press, Tucson, AZ, 286 p.
Gaudinski, JB., T.E. Dawson, S. Quideau, E.A.G. Schuur,
JS. Roden, SE. Trumbore, D.R. Sandquist, S-W. Oh and
R.E. Wasylishen. 2005. Comparative analysis of cellulose prepara-
tion techniques for use with 3C, *C and *®0 isotopic measure-

ments. Ana. Chem. 77:7212—7224. doi:10.1021/ac050548u.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com



500 RODEN AND EHLERINGER

Grissino-Mayer, H.D. 2001. Evaluating crossdating accuracy: aman-
ual and tutorial for the computer program COFECHA. Tree-Ring
Res. 57:205-221.

Harlow, W.M., E.S. Harrar and F.M. White. 1979. Textbook of den-
drology. 6th Edn. McGraw-Hill Book Co., New York, 510 p.

Hemming, D.L., V.R. Switsur, J.S. Waterhouse, T.H.E. Heaton and
A.H.C. Carter. 1998. Climate variation and the stable carbon iso-
tope composition of tree ring cellulose: an intercomparison of
Quercus robur, Fagus sylvatica and Pinus silvestris. Tellus 50B:
25-33.

Higgins, R.W., K.C. Mo and Y. Yao. 1998. Interannual variability of
the United States summer precipitation regime. J. Climate 11:
2582-2606.

Hubick, K.T., G.D. Farquhar and R. Shorter. 1986. Correlation be-
tween water-use efficiency and carbon isotope discriminationin di-
verse peanut (Arachis) germplasm. Aust. J. Plant Physiol. 13:
803-816.

Kim, J. 2002. Precipitation variability associated with the North
American Monsoon in the 20th century. Geophys. Res. Lett. 29:
28-1-28-4.

Landsberg, J.J. and S.T. Gower. 1997. Applications of physiological
ecology to forest management. Academic Press, San Diego, 354 p.

Leavitt, SW. and S.R. Danzer. 1993. Method for batch processing
small wood samples to holocellulose for stable-carbon isotope
analysis. Anal. Chem. 65:87—-809.

Leavitt, SW., W.E. Wright and A. Long. 2002. Spatial expression of
ENSO, drought, and summer moisturein seasonal &'*C of ponder-
osa pine tree rings in southern Arizona and New Mexico.
J. Geophys. Res. 107(D18):4349, doi:10.1029/2001JD001312.

Lin, G.andL.d.S.L. Sternberg. 1993. Hydrogen isotopic fractionation
by plant roots during water uptakein coastal wetland plants. In Sta-
bleisotopesand plant carbon-water relations. Eds. J.R. Ehleringer,
A.E. Hal and G.D. Farquhar. Academic Press, San Diego,
pp 497-510.

Lipp, J., P. Trimborn, T. Edwards, Y. Waisel and D. Yakir. 1996. Cli-
matic effects on the 3'%0 and 3*C of cellulose in the desert tree
Tamarix jordanis. Geochim. Cosmochim. Acta 60:3305—33009.

Mazor, E. 1991. Stable hydrogen and oxygen isotopes. In Applied
Chemical and Isotopic Groundwater Hydrology. John Wiley &
Sons, London, pp 122-146.

Meko, D.M. and C.H. Baisan. 2001. Pilot study of latewood-width of
conifers as an indicator of variability of summer rainfall in the
North American monsoon region. Int. J. Climatol. 21:697—708.

Palmer, W.C. 1965. Meteorological drought. Weather Bureau Re-
search Paper 45, USDA, U.S. Government Printing Office, Wash-
ington D.C., 58 p.

Pendall, E. 2000. Influence of precipitation seasonality on pifion pine
cellulose dD values. Global Change Biol. 6:287—301.

Peterson, D.W. and D.L. Peterson. 2001. Mountain hemlock growth
response to climatic variability at annual and decadal time scales.
Ecology 82:3330—-3345.

Robertson, 1., J.S. Waterhouse, A.C. Barker, A.H.C. Carter and
V.R. Switsur. 2001. Oxygen isotope ratios of oak in east England:
Implicationsfor reconstructing theisotopic composition of precipi-
tation. Earth Planet. Sci. Lett. 191:21-31.

Roden, J.S. and J.R. Ehleringer. 1999a. Observationsof hydrogen and
oxygen isotopesin leaf water confirm the Craig-Gordon model un-
der wide-ranging environmental conditions. Plant Physiol. 120:
1165-1173.

Roden, J.S. and J.R. Ehleringer. 1999b. Hydrogen and oxygen isotope
ratios of tree-ring cellulose for riparian trees grown long-term un-
der hydroponic, controlled environments. Oecologia 121:
467-477.

Roden, J.S., G. Lin and J.R. Ehleringer. 2000. A mechanistic model
for the interpretation of hydrogen and oxygen isotope ratios in
tree-ring cellulose. Geochim. Cosmochim. Acta 64:21-35.

Roden, J.S., D.R. Bowling, N.G. McDowell, B.J. Bond and JR
Ehleringer. 2005. Carbon and oxygen isotope ratios of treering cel-
lulose along a precipitation transect in Oregon, United States.
J. Geophys. Res. 110:G02003, doi:10.1029/2005JG000033.

Saurer, M., U. Siegenthaler and F. Schweingruber. 1995. The cli-
mate—carbon isotope relationship in tree rings and the significance
of site conditions. Tellus 47B:320—330.

Saurer, M., |. Robertson, R. Siegwold and M. Leuenberger. 1998. Ox-
ygen isotope analysis of cellulose: an interlaboratory comparison.
Anal. Chem. 70:2074—2080.

Saurer, M. 2003. The influence of climate on the oxygen isotopesin
treerings. Isot. Environ. Health Stud. 39:105-112.

Schulman, E. 1956. Dendroclimatic changes in semiarid America.
University of Arizona Press, Tucson, AZ, 142 p.

Schweingruber, F.H. 1990. Radiodensitometry. In Methods of
Dendroclimatology: Application in the Environmental Sciences.
Eds. E.R. Cook and L.A. Kairiukstis. Kluwer Academic Publish-
ers, Dordrecht, pp 55—63.

Schwinning, S., K. Davis, L. Richardson and J.R. Ehleringer. 2002.
Deuterium enriched irrigation indicates different forms of rain use
in shrub/grass species of the Colorado Plateau. Oecologia 130:
345-355.

Sheppard, PR., A.C. Comrie, G.D. Packin, K. Angersbach and
M.K. Hughes. 2002. The climate of the US Southwest. Climate
Res. 21:219-238.

Sternberg, L.d.S.L., M.J. DeNiro and R.A. Savidge. 1986. Oxygen
isotope exchange between metabolites and water during biochemi-
ca reactions leading to cellulose synthesis. Plant Physiol. 82:
423-427.

Stewart, G.R., M.H. Turnbull, S. Schmidt and PD. Erskine. 1995. **C
natural abundancein plant communitiesalong arainfall gradient: a
biological integrator of water availability. Aust. J. Plant Physiol.
22:51-55.

Tang, K. and X. Feng. 2001. The effect of soil hydrology on the oxy-
gen and hydrogen isotopic compositions of plants source water.
Earth Planet. Sci. Lett. 185:355—367.

Trenberth, K.E. 1997. The definition of El Nifio. Bull. Am. Meteorol.
Soc. 78:2771-2777.

Treydte, K., G.H. Schleser, F.H. Schweingruber and M. Winiger.
2001. The climate significance of 3*3C in subalpine spruces
(Loétschental, Swiss Alps). Tellus Ser. B Chem. Phys. Meteorol.
53:593-611.

Wang, B. 1995. Interdecadal changesin El Nifio onset in the last four
decades. J. Climate 8:267—285.

Watson, E. and B.H. Luckman. 2002. The dendroclimatic signal in
Douglas-fir and ponderosa pine tree-ring chronologies from the
southern Canadian Cordillera. Can. J. For. Res. 32:1858-1874.

Weiguo, L., Z. Qingle, A. Zhisheng, F. Xianhong and L. Yu. 2004.
580 valuesof treeringsasaproxy of monsoon precipitationin arid
Northwest China. Chem. Geol. 206:73-80.

Welker, J.M. 2000. Isotopic (5*%0) characteristics of weekly precipi-
tation collected acrossthe USA: aniinitia analysiswith application
to water source studies. Hydrol. Process. 14:1449-1464.

Wright, W.E., SE. Leavitt and A. Long. 1998. ENSO
Teleconnections. Eastern Pacific sea surface temperature correla-
tions with 3*%0 in southeastern Arizona precipitation and tree cel-
lulose. PACLIM Conference Proc., pp 97-109.

Wright, W.E., A. Long, A.C. Comrie, SW. Leavitt, T. Cavazos and
C. Eastoe. 2001. Monsoonal moisture sources revealed using tem-
perature, and precipitation stable isotope time series. Geophys.
Res. Lett. 28:787—790.

TREE PHYSIOLOGY VOLUME 27, 2007



ISOTOPIC INDICATOR OF SUMMER RAIN IN TREE RINGS 501

Wright, W.E. and S.E. Leavitt. 2005. Needle cell elongation and mat- Yakir, D. and M.J. DeNiro. 1990. Oxygen and hydrogen isotope frac-
uration timing derived from pine needle cellulose 3*20. Plant Cell tionation during cellulose metabolism in Lemna gibba L. Plant
Environ. 29:1-14. Physiol. 93:325—-332.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com



