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The inter-relationships among δ13C and δ18O in tree ring cellulose and ring width have the potential to illuminate long-term 
physiological and environmental information in forest stands that have not been monitored. We examine how within-stand 
competition and environmental gradients affect ring widths and the stable isotopes of cellulose. We utilize a natural climate 
gradient across a catchment dominated by Douglas-fir and temporal changes in climate over an 8-year period. We apply a 
dual-isotope approach to infer physiological response of trees in differing crown dominance classes to temporal and spatial 
changes in environmental conditions using a qualitative conceptual model of the 13C–18O relationship and by normalizing the 
data to minimize other variance. The δ13C and δ18O of cellulose were correlated with year-to-year variation in relative humidity 
and consistent with current isotope theory. Using a qualitative conceptual model of the 13C–18O relationship and physiologi-
cal knowledge about the species, we interpreted these changes as stomatal conductance responses to evaporative demand. 
Spatial variance between plots was not strong and seemed related to leaf nitrogen rather than any other environmental vari-
able. Dominant trees responded to environmental gradients more consistently with current isotope theory as compared with 
other classes within the same stand. We found a correlation of stable isotopes with environmental variables is useful for 
assessing the impacts of environmental change over short time series and where growth varies only minimally with climate.

Keywords: crown dominance, Douglas-fir, relative humidity, stable isotopes, stomatal conductance, tree rings, water-use 
efficiency.

Introduction

Stable isotope ratios in tree rings are powerful tools in ecologi-
cal research because they indicate key environmental and phys-
iological processes and record them over time. While several 
studies have clearly shown that the isotopic composition of tree 
rings can be a valuable source of information for the recon-
struction of both plant carbon and water relations and environ-
mental variability, most investigations to date have been based 
on independent analysis of δ13C or δ18O (McCarroll and Loader 
2004). The biophysical mechanisms for fractionation of δ13C 
during photosynthesis have been understood for several 
decades (Farquhar and Sharkey 1982, Farquhar et al. 1989b, 

Ehleringer 1991, Ehleringer et  al. 1993, Farquhar and Lloyd 
1993, Lloyd and Farquhar 1994), and in recent years, the 
theory behind changes in stable oxygen isotopes ratio (δ18O) in 
plants has advanced significantly (Farquhar et al. 1998, Barbour 
2007, Sternberg 2009, Kahmen et al. 2011). The examination 
of the inter-relationships among δ13C, δ18O and tree ring width 
has the potential to illuminate valuable physiological and envi-
ronmental information (Saurer et al. 1997, Anderson et al. 1998, 
Scheidegger et  al. 2000, Barbour 2007, Grams et  al. 2007, 
Brooks and Coulombe 2009, Brooks and Mitchell 2011).

Carbon isotopes are frequently used to estimate an integrated 
measure of photosynthesis relative to stomatal conductance 
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(A/gs), which is a measure of the intrinsic water-use efficiency—
iWUE (Farquhar et al. 1989a, Lloyd and Farquhar 1994, Feng 
and Epstein 1995, Bert et  al. 1997, Duquesnay et  al. 1998). 
Recently, several studies have discussed the complicating factor 
of mesophyll conductance (gm), and identified that when gm 
limits photosynthesis the connection between δ13C and iWUE 
weakens (Flexas et al. 2008, Seibt et al. 2008). Because gm is 
relatively high and conservative in Douglas-fir needles (Warren 
et  al. 2003a), measurements of δ13C in tree rings remains a 
powerful tool for understanding long-term water relations in for-
ests (Francey and Farquhar 1982, Farquhar et  al. 1989b, 
McNulty and Swank 1995, Bert et al. 1997, Brooks et al. 1998).

Unlike δ13C, the interpretation of δ18O largely remains uncer-
tain because variation can be caused through several indepen-
dent mechanisms (Epstein et al. 1976, Farquhar et al. 1998, 
Barbour 2007). The δ18O of plant material can be influenced by 
differences in δ18O of source water, variation in δ18O of water 
vapor in the air, the evaporative enrichment at sites of evapora-
tion inside the leaf, and mixing of δ18O from evaporated and 
unevaporated source water during sugar and cellulose forma-
tion (Craig and Gordon 1965, Dongmann et al. 1974, Roden 
et al. 2000, Barbour 2007). With careful study design, some of 
these sources of variation can be eliminated. For example, if 
source water for trees in close proximity to each other is the 
same, then inter-tree variation in cellulose δ18O (δ18Ocell) is due 
to tree physiological processes. A growing number of studies 
have reported that when plants have the same water source, 
variation in δ18Ocell is strongly correlated with relative humidity 
(RH) and evaporative demand, which influences gs (Flanagan 
et al. 1991, Barbour and Farquhar 2000, Barbour et al. 2000, 
2004, Siegwolf et  al. 2001, Farquhar et  al. 2007, Kahmen 
et al. 2011, Roden and Farquhar 2012). Because 18O enrich-
ment in tree ring cellulose is influenced by RH (which also 
influences gs) and not by photosynthesis, the combined analy-
sis of δ13C and δ18O has the potential to elucidate whether 
shifts in iWUE (A/gs) are the result of shifts in the tree’s photo-
synthetic capacity or shifts in gs. Studies examining the rela-
tionship between δ13C and δ18O have largely used a qualitative 
approach that describes the long-term effects of environmen-
tal factors on leaf-level gas exchange (Saurer et  al. 1997, 
Scheidegger et al. 2000, Brandes et al. 2006). Scheidegger 
et  al. (2000) provided a conceptual model for deducing 
changes in gs and average maximum, light-saturated, net 
photosynthesis (Amax) through examining the isotopic shifts in 
tree ring cellulose. Changes in environmental conditions over 
time or space can cause higher (↑), lower (↓) or similar (≈) 
δ13C and δ18O values (Scheidegger et  al. 2000, Saurer and 
Siegwolf 2007). The assumptions of the Scheidegger model 
are: (i) changes in δ18Ocell are primarily due to changes in leaf 
water enrichment caused by variation in air RH, because δ18O 
enrichment is dependent upon the ratio of the partial pressure 
of water vapor in the atmosphere (ea) and the intercellular 

spaces in the leaf (ei) and ea/ei ≈ RH, (ii) the δ18O of source 
water and of water vapor are the same among investigation 
periods, and (iii) an inverse relationship exists between δ13Ccell 
and [CO2] inside the stomatal cavity (ci). Based on these 
assumptions, the model predicts ‘the most likely case’ for the 
responses of gs and Amax to a matrix of isotopic shifts 
(Scheidegger et  al. 2000). Roden and Farquhar (2012) 
recently tested this conceptual model for applicability for tree 
rings, and they found relatively good agreement between mea-
sured gas-exchange data and model predictions from the tree 
ring isotopes.

Recently, more quantitative approaches have been employed 
to explore the relationship between δ18Ocell and gs. Using δ13C 
and δ18O of leaf cellulose, Grams et al. (2007) demonstrated 
that under controlled environmental conditions, reductions in 
gs were associated with increases in δ18O of leaf cellulose in 
juvenile Fagus and Picea trees. The direct relationship between 
gs and δ18Ocell was further inferred by Brooks and Coulombe 
(2009). By examining pre- and post-treatment δ18Ocell and 
δ13Ccell in contrast to control δ18Ocell and δ13Ccell in a Douglas-fir 
plantation, Brooks and Coulombe (2009) estimated that gs 
was reduced by 30% in the dry, late growing season as a 
result of increased leaf area following nitrogen fertilization. In 
addition, Marshall and Monserud (2006) found consistent dif-
ferences in δ18Ocell over several decades among competing 
tree species growing in the same environmental conditions. 
The authors hypothesized that the differences in δ18Ocell may 
have been a result of changes in leaf function (such as chang-
ing gs) with tree size and age, or that competing species used 
water from depths of the soil that had distinct isotopic differ-
ences. While it is clear that the interpretation of δ18Ocell and 
δ13Ccell works under highly controlled conditions, the technique 
still has potential for further development in less controlled 
settings.

To improve our understanding of the linkage between δ18Ocell 
and δ13Ccell in less controlled environments, it is important to 
understand how within-stand competition among trees, as well 
as environmental gradients, affects the sources and fraction-
ation of C and O isotopes. For example, δ13Ccell has been found 
to increase with increasing vapor pressure difference and irra-
diance (Francey and Farquhar 1982, Farquhar et al. 1989a). 
In addition to temporal changes, both of these factors can vary 
across a small catchment, throughout the canopy profile, and 
among crown dominance classes, especially in species that 
form dense canopies. In addition, dominant trees within a stand 
tend to use more resources (i.e., water, light, nutrients) relative 
to other crown classes as forest stands develop, and in some 
cases dominant trees use these resources more efficiently 
than intermediate or suppressed trees (Oliver and Larson 
1990, Smith and Long 2001, Binkley et al. 2002).

Here we apply a dual-isotope (13C and 18O) approach to 
infer physiological response of trees to changing environmental 
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conditions in an uncontrolled setting. Our specific objectives 
were: (i) to separate the temporal and spatial influences of 
environmental gradients in tree-ring stable isotope analysis by 
using a normalization approach to reduce additional sources 
of variance, (ii) to compare our observed values of δ13Ccell and 
δ18Ocell to the qualitative conceptual model of the 13C–18O rela-
tionship as presented in Scheidegger et al. (2000) and (iii) to 
examine how crown dominance might influence the δ13Ccell 
and δ18Ocell response to environmental variation among years 
and among plots. We used natural variation in climate over 8 
years and the micro-environment gradient across a steep 
catchment dominated by a single species (Pseudotsuga men-
ziesii); the close proximity of the plots minimized isotopic vari-
ation in source water, water vapor and source CO2. We blocked 
for variation caused by time or space in order to explore all 
aspects of spatial and temporal variance.

Materials and methods

Study site

The study area was a 96 ha watershed (Watershed One—
WS1), located in the H.J. Andrews Experimental Forest (HJA) in 
the western Cascades of central Oregon, USA (44.2°N, 
122.2°W). Elevations in WS1 range from 430 m at the gauging 
station to a maximum of 1010 m at the eastern ridge line. The 
HJA is a Long Term Ecological Research (LTER) site and has a 
meteorological data record from 1958 to the present. The HJA 
has a Mediterranean climate, with wet, mild winters and dry 
summers. Average annual rainfall is 2220 mm, of which ~80% 
falls between October and April (Rothacher et al. 1967). The 
watershed is predominately covered by mature Douglas-fir 
(Pseudotsuga menziesii (Mirb.) Franco) replanted following 
clear-cut harvesting in the late 1960s and contains smaller 
components of western hemlock (Tsuga heterophylla (Raf.) 
Sarg.) and hardwood species (Moore et al. 2004). During our 
study, the maximum height of canopy ranged from ~22 to 
31 m. A ridge-to-ridge transect of five plots (three south-facing 
and two north-facing) with a radius of 10 m was established in 
the spring of 2005. Two plots were located at the bottom of 
the slope and two were located near the ridge (~70 m higher 
in elevation relative to the bottom plots) with a third south-
facing plot located midslope (~25 m higher in elevation relative 
to the bottom plots) to maximize the variation in local environ-
mental conditions.

Tree ring sampling and processing

Within each study plot, six trees were selected: two from each 
crown class—dominant, co-dominant and intermediate, deter-
mined by the diameter and height distribution of all trees within 
each plot. Crown class was defined by visual inspection of the 
canopy and by the diameter of each tree in relation to the 
diameter distributions of all trees within a given plot, where 

dominant trees were ≥ the 80th percentile and had canopies 
with crowns extending above the average crown cover, co-
dominant trees were between the 60th and 80th percentile 
with canopies that formed the average crown cover of the plot, 
and intermediate trees were between the 40th and 60th per-
centile with crowns that were shorter than the dominant and 
co-dominant trees, but extended into the main crown cover. 
Trees were selected by establishing six rays uniformly distrib-
uted around the plot center and selecting a tree along each ray 
from within the randomly assigned dominance class. For each 
tree, diameter at breast height (DBH) and height (using a laser 
hypsometer; Forestry Suppliers, Jackson, MS, USA) were mea-
sured, and four 5 mm cores were obtained from the four cardi-
nal directions near breast height. DBH was measured using a 
diameter tape while standing on the uphill side of tree at a 
height of 1.4 m.

We selected an 8-year period (2000–07) for isotopic anal-
ysis of the cores because these years contained a large range 
of year-to-year environmental variation and had the advantage 
of concurrent auxiliary data collected in 2005 and 2006 
described below. Ring widths were measured along the entire 
core (~1974–2007). Cores were sanded to clearly observe 
earlywood and latewood boundaries. All cores were aged and 
cross-dated using marker rings to ensure accurate dating. We 
measured ring width using a tree-ring analysis system 
(WinDENDRO, Reg 2005c, Regent Instruments Inc., Quebec, 
Canada) attached to a digital scanner (Epson Expression, 
10000 XL supplied and calibrated by Regent Instruments). 
Cores were scanned at 2400 dpi and measured for annual 
ring boundaries to 0.001 mm accuracy. Each tree-ring image 
was visually inspected and manually adjusted for accurate 
boundary detection. Basal area increment (BAI) was esti-
mated using diameter measurements adjusted for bark thick-
ness, and the average ring width of the four cores from each 
tree.

Recent studies have suggested that earlywood in tree rings 
is synthesized, at least partially, from stored photosynthates 
that were assimilated during the previous year, and as a result 
stable isotopes in earlywood may not be representative of 
current physiological processes; conversely, latewood is 
formed almost entirely from current photosynthate (Hill et al. 
1995, Helle and Schleser 2004, McCarroll and Loader 2004, 
Kagawa et al. 2006a, 2006b, Offermann et al. 2011). As well, 
environmental conditions can change markedly between the 
early and late growing season in this Mediterranean climate 
which could obscure the relationship between isotopes and 
environmental variables if combined in one isotopic measure-
ment per annual ring. For these reasons, we separated early-
wood from latewood within each annual ring. Earlywood was 
distinguished from latewood by a step-change in color and 
wood density typical of Douglas-fir. After cores were mea-
sured and dated, each annual ring from each core from a 
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given tree was cut into early- and latewood sections and 
combined into one early and one late sample per year (5 
plots × 6 trees × 8 years × 2 wood densities). Samples were 
ground to a fine powder using a ball mill (Spex 5300, 
Metuchen, NJ, USA). Because the size of many samples was 
insufficient for isotopic analysis of individual trees, ground 
samples from the two trees within a given crown class (domi-
nant, co-dominant, or intermediate) in the same plot were 
combined in equal amounts. All 240 samples (5 plots × 3 
crown classes × 8 years × 2 wood densities) were extracted 
for α-cellulose (Sternberg 1989, Leavitt and Danzer 1993).

Xylem water sampling

We sampled water from the xylem of trees within each study 
plot to determine if the δ18O of the source water varied spa-
tially. Xylem water was assumed to reflect the isotopic com-
position of soil source water because trees do not fractionate 
water during uptake (White et al. 1985, Dawson 1993). At 
each plot, xylem samples were collected from suberized 
branches located in the sunlit, upper half of the canopy of 
three trees. Samples were collected every three weeks 
throughout the growing season of 2006. Xylem samples 
were collected in glass vials with polyseal cone inserts in the 
cap (VWR International, LLC, Batavia, IL, USA) and sealed to 
prevent evaporation. Water was extracted for 4 h from the 
samples using cryogenic vacuum distillation (Ehleringer 
et al. 2000).

Isotope analysis

Stable isotope composition of the α-cellulose was measured 
on subsamples (~2.5 and 0.3 mg for 13C and 18O analysis, 
respectively) that were either combusted in an elemental ana-
lyzer (ECS 4010, Costech, Valencia, CA, USA) for δ13C, or 
pyrolized in a high-temperature conversion elemental analyzer 
(TC/EA, ThermoQuest/Finnigan, Bremen, Germany) for δ18O. 
The resulting gases were analyzed on an isotope ratio mass 
spectrometer (IRMS, Finnigan MAT Delta Plus XL or XP, 
Bremen, Germany) located at the Integrated Stable Isotope 
Research Facility at the Western Ecology Division of the EPA, 
Corvallis, Oregon. Xylem water samples were also analyzed 
for δ18O using the TC/EA and IRMS. All δ13C and δ18O values 
are expressed relative to their respective standard (PDB, 
V-SMOW) and expressed as ‰:

	
δ = −





R
R

sample

standard
1

where R is the ratio of 13C to 12C atoms or 18O to 16O atoms of 
the sample or the standard. Measurement precision was better 
than 0.1 ‰ for δ13C and 0.25 ‰ for δ18O as determined from 
repeated measures of internal QC standards and from sample 
replicates.

Environmental variables

Because environmental variables influence tree ring isotopes, 
we measured canopy air temperature (T) and RH in each study 
plot. At each plot, T and RH were measured at mid-canopy 
(HMP45c, Campbell Scientific Inc., Logan, UT, USA) and 
recorded by a datalogger (CR23X, Campbell Scientific Inc.) 
every 15 s and averaged over 15 min intervals. Plot-specific T 
and RH data were not available prior to 2005; therefore, we 
used long-term meteorological data sets to predict T and RH 
for 2000–05. Long-term data (T, RH and precipitation) were 
available from a nearby weather station (HJA Primary 
Meteorological Station (PRIMET)) located within 0.75 km of 
the study area. To predict T and RH for each plot for years prior 
to 2005, we used the linear relationship between simultaneous 
measurements made at PRIMET versus each plot individually 
during 2005 and 2006, and used the calculated linear rela-
tionships to predict plot level T and RH (R2 ranged from 0.92 
to 0.99 for T, and 0.81 to 0.93 for RH). For each year, we 
divided plot-level environmental data into two time periods that 
were assumed to represent environmental conditions during 
earlywood and latewood growth conditions based upon 
observed seasonal declines in leaf-specific hydraulic conduc-
tance (Barnard 2009) and on past studies on the timing of 
latewood formation in Douglas-fir (Emmingham 1977, Vargas-
Hernandez 1990, Beedlow et  al. 2007). Earlywood environ-
mental conditions were equal to the average T and RH for April 
through mid-July, and latewood conditions were defined as 
occurring from mid-July through the end of September each 
year. Only T and RH from 07:00 to 14:00 each day were used 
to calculate the average for each time period because canopy-
level physiological processes (A and gs) are most active during 
this period. Transpiration consistently peaked in these plots at 
~14:00 each day throughout the growing season (Graham 
et al. 2012).

Foliar nitrogen

Because nitrogen content is strongly correlated with foliar δ13C 
and photosynthetic capacity (Duursma and Marshall 2006), we 
examined the variability in foliar nitrogen content within our exper-
imental plots. In August 2005 and 2006, we sampled current-
year and 1-year-old foliage from the upper half of the canopy from 
three trees in each of the plots that were established in this study. 
All samples were ground to a fine powder using a mortar and 
pestle and then air dried. For each sample, up to 2 g of ground 
material was analyzed for carbon and nitrogen content. Analyses 
were performed using a CNS analyzer (CNS-2000 Macro 
Analyzer, Leco Corp., St. Joseph, MI, USA), which simultaneously 
determines carbon and nitrogen content of the solid samples.

Application of the Scheidegger conceptual model

We used the conceptual framework proposed by Scheidegger 
et al. (2000) to compare measured differences in δ13Ccell and 
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δ18Ocell to the theoretical predictions in gs and Amax based on 
the two isotopes. In the case of isotope signatures recorded in 
tree rings, we consider shifts in the isotopes to represent a 
canopy integration of A and gs (referred to as AINT and gs-INT 
hereafter, Figure 1). The integration incorporates the entire 
canopy weighted by relative photosynthetic rate and tempo-
rally integrates over either the early or late growing season. We 
use the model’s predictions to infer physiological shifts 
between canopy positions and plots and over 8 years and to 
evaluate if those inferences match expectations based on 
current knowledge and observed environmental variation. 
Accordingly, we would interpret a positive correlation between 
δ13Ccell and δ18Ocell as a result of changing gs-INT, but constant 
AINT within our study trees either temporally or spatially. This 
relationship results from δ18Ocell becoming enriched with high 
RH causing gs-INT to decline and δ13Ccell becoming enriched 
when AINT/gs-INT increases as gs-INT declines. We interpret a neg-
ative relationship between δ13Ccell and δ18Ocell to suggest a 
change in integrated photosynthesis without a change in gs-INT. 
In the case where no significant correlation exists, we examine 
the means and variance in δ18Ocell relative to δ13Ccell. For exam-
ple, if δ18Ocell varies twice as much as δ13Ccell, and no correla-
tion exists between them, we would interpret this as a constant 
AINT/gs-INT over a range of gs-INT. We used this framework to 
examine how physiology may have varied with respect (i) to 
dominance class, (ii) to changes over time, (iii) to differences 
between plots and (iv) to seasonal changes, and then relate 
those differences to the dominant environmental variable. For 
each analysis, we normalized the isotope data differently to 
eliminate other sources of variance. First, we examined how 
the dominance classes differed from a grand mean for each 
isotope for the early and late season. For each season, we 
calculated a mean for all years, all plots, and all crown classes 
(separate means for early and latewood), then subtracted that 
mean from the individual δ13Ccell or δ18Ocell values. We used 

Pearson’s correlation coefficients to quantify the relationship 
between δ13Ccell and δ18Ocell difference from the mean for each 
tree crown class.

Because RH varied temporally but not spatially among plots, 
we normalized isotope values for each crown class within each 
study plot with respect to time. For each crown class within 
each study plot, we calculated the mean values for all 8 years 
for each isotope (separate means for early- and latewood). We 
then subtracted each individual year’s isotope value from the 
8-year mean to obtain the ‘anomalies’ from the temporal base-
line. We ranked the RH for each year (separate RH for each 
season) into three classes, high, medium and low RH, and 
assigned those classes to the samples. Finally, we examined 
the relationship between normalized δ13Ccell and δ18Ocell within 
the conceptual framework of the Scheidegger model to inter-
pret possible physiological responses.

We had leaf nitrogen values for only 1 year (2006) in four of 
the five plots. For the south-facing midslope plot leaf nitrogen 
values are from the 2005 growing season. We assumed that 
although the absolute value of N content is likely to change 
from one year to the next within a single sample plot, the rela-
tive ranking among sample plots is likely to stay the same 
through time in a closed canopy forest such as our study site 
(Powers and Reynolds 1999, R. Powers, personal communica-
tion, 2009). Therefore, we normalized the data to minimize 
temporal variance and emphasize spatial variance. We calcu-
lated a mean δ13Ccell and mean δ18Ocell of the five plots for each 
year and for each dominance class (separate late- and early-
wood means) and subtracted those from the appropriate 
δ13Ccell and δ18Ocell values. In this approach, the anomalies from 
the mean represent plot differences within a year. We ranked 
the study plots by their foliar N content from low to high and 
assigned the N-ranking to all tree ring samples from a given 
plot. We calculated the correlation between δ13Ccell difference 
from the mean and N rank. Within the context of the conceptual 
model, we anticipated that samples more enriched with 13C 
would correspond with higher foliar N content.

Finally, we calculated the difference between late- and early-
wood values of both δ13Ccell and δ18Ocell to examine if shifts in 
the isotopic composition might be explained by seasonal 
changes in water availability. We plotted the difference between 
late- and earlywood values of both isotopes against each other 
to visually examine the relationship within the Scheidegger 
framework. By using the Scheidegger model to interpret physi-
ological shifts between seasons, we assume that the isotopic 
value of source water does not change seasonally. However, 
we discuss what the changes in source water isotopes would 
do as part of our interpretation.

Additional statistics

We performed repeated-measures analysis of variance to 
determine differences in δ13Ccell, δ18Ocell and BAI with respect 
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to time and Sidak multiple comparison tests to determine dif-
ferences among crown classes (Ott 1993). We examined the 
relationship among climate variables, BAI and shifts in isotopic 
composition by using Pearson product–moment correlation 
analysis. Because we were interested in the shifts in isotope 
values and not absolute values for correlations, we normalized 
isotope values for plot level differences by subtracting the 
mean isotope value for all 8 years within a given plot from each 
individual value. All statistics were performed using SPSS 
(Version 15.0, SPSS Inc., Chicago, IL, USA).

Results

Time series of δ13Ccell, δ18Ocell and BAI

The isotopic composition of earlywood samples was relatively 
constant over time for δ13Ccell (P = 0.75); however, all size 
classes were found to be significantly different from one 
another (P < 0.03 for all comparisons, Figure 2g). The δ18Ocell 

values were significantly different among years (Figure 2e, 
P < 0.01). Post hoc comparisons indicated year 2002 was sig-
nificantly more enriched than year 2005 (P = 0.02), and domi-
nant trees were significantly more enriched from intermediate 
trees. Similar to earlywood, the isotopic composition of late-
wood δ13Ccell did not significantly differ with respect to time 
(P = 0.07). Crown class was found to be significant (P = 0.03) 
with post hoc comparisons indicating dominant trees were 
significantly greater than intermediate trees (P = 0.03, Figure 
2h). Latewood δ18Ocell differed with respect to both time and 
size class (P < 0.01 for both factors, Figure 2f). Dominant 
trees had the highest δ18Ocell values while co-dominant trees 
had the lowest δ18Ocell. Significant shifts in δ18Ocell occurred 
with increases from 2001 to 2002 and from 2004 to 2005, 
and decreases from 2003 to 2004. These changes were the 
inverse of shifts in mean RH, where δ18Ocell increased when 
RH declined and δ18Ocell decreased when RH increased 
(Figure 2d).
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Figure 2. Temperature (T), relative humidity (RH), δ18Ocell and δ13Ccell through time. (a, b) Mean temperature for 07:00–14:00 h for early season 
(DOY 90-194) and late season (DOY 195-275), (c, d) mean relative humidity 07:00–14:00 h for early season (DOY 90-194) and late season 
(DOY 195-275), (e, f) δ18Ocell by crown class. Circles = dominant, squares = co-dominant, triangles = intermediate. (g, h) δ13Ccell by crown class 
with same symbols as above. Error bars equal the standard error of the means.
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Basal area increment was consistent over time despite large 
year-to-year variation in summer precipitation (Figure 3). Within 
a given size class, the changes in BAI with respect to time did 
not differ (P = 0.08). However, as expected, the crown classes 
grew at significantly different rates (P < 0.01). Post hoc com-
parisons indicated that BAI of dominant trees was significantly 
greater than that of both co-dominant (P < 0.01) and interme-
diate trees (P < 0.01); however, no differences were detected 
between co-dominant and intermediate trees (P = 0.22).

The mean δ18O of the source water, as indicated by xylem 
water, did not vary significantly spatially during the 2005 and 
2006 growing seasons (P = 0.14 and 0.87, respectively) but 
decreased later in the season corresponding to water isotopes 
deeper in the soil profile. Xylem water values averaged −10.4‰ 
(standard deviation = 1.24) for the 3 years. Xylem water values 
decreased 1.07‰ on average in 2005 and 2.06‰ on aver-
age in 2006 from the early season to the later season. In addi-
tion, we have strong evidence to believe that source water did 
not vary greatly on the inter-annual time scale. Annual precipi-
tation water isotope values measured in Corvallis, OR have a 
standard deviation of 0.5‰ over 8 years with no significant 
seasonal variation (Brooks et al. 2012) and xylem water analy-
sis from a nearby watershed averaged −10.4‰ in both 2004 
and 2005 (Brooks et  al. 2010). Based on these data, we 
assumed that δ18O of the source water did not vary spatially or 
year to year within our study.

Correlations among environmental variables and δ13Ccell, 
δ18Ocell and BAI

We correlated the temporal dynamics in tree ring normalized 
isotopes, and BAI with various environmental variables  
(Table 1). Earlywood isotopes were correlated with early season 
environmental variables (RH and T) and latewood isotopes were 
correlated with late season environmental variables as defined in 
the methods. Given the relatively small sample size (N ≤ 40), 
significant correlations are identified at both the α = 0.05 and 
α = 0.10 level, but P values are also reported. Earlywood δ13Ccell 
for all crown classes increased with decreased early season RH. 

This relationship was the strongest for co-dominant trees 
(r = −0.65), and weakest for intermediate trees (r = −0.31). 
Earlywood δ18Ocell also increased with decreased early season 
RH for dominant and co-dominant trees, but the relationship was 
not significant for intermediate trees. Earlywood δ18Ocell also 
tended to increase with decreased summer precipitation (PPT) 
for all crown classes. Data did not indicate that early season T, 
annual PPT or BAI were valuable indicators of shifts in isotopic 
composition in earlywood cellulose.

Latewood isotope values were also significantly correlated 
with RH with the exception of intermediate trees (Table 1). For 
the dominant and co-dominant crown classes, both δ13Ccell and 
δ18Ocell increased with decreased late season RH and 
decreased summer PPT. In addition, δ13Ccell increased with 
increased late season T for dominant and co-dominant trees 
(P < 0.01 and 0.08, respectively). We did not find any isotopic 
value or environmental variable with the exception of late sea-
son T to be significantly related to BAI, indicating that stable 
isotope values in tree ring cellulose were more sensitive to 
environmental variables than annual growth.

Conceptual model of δ13Ccell and δ18Ocell relationships

We applied the conceptual model developed by Scheidegger 
et al. (2000) to estimate the potential physiological changes 
that have occurred with crown class differences, between 
plots and over time (Figure 1). When we compare the devia-
tions in our isotope data to the overall mean for each domi-
nance class and season, δ13Ccell tended to increase with 
increased δ18Ocell for both earlywood and latewood samples 
(but not always significantly) across all crown classes 
(Figure 4). In earlywood, co-dominant trees were significantly 
higher than the other crown classes in δ13Ccell (P = 0.03), but 
similar in δ18Ocell indicating higher AINT according to the model. 
Dominant trees were significantly higher than intermediate 
trees in δ18Ocell (P < 0.01) indicating relative reduction in both 
AINT and gs-INT. In latewood, dominant trees had the highest 
δ18Ocell (P < 0.04) of all crown classes and higher δ13Ccell 
(P = 0.02) than the intermediate trees indicating that stomatal 
conductance was reduced according to the model interpreta-
tion. In contrast, co-dominant trees were significantly lower in 
δ18Ocell (P = 0.01) than other crown classes indicating a poten-
tially greater stomatal conductance. The correlations between 
isotopes for both earlywood and latewood were strongest 
among dominant trees (r = 0.43 and 0.53, respectively and 
P < 0.01 for both correlations, Figure 4a and d). The model 
interpretation is that the temporal and spatial variance within 
the dominant trees was largely related to variation in stomatal 
conductance. This positive correlation also occurs in the 
earlywood of intermediate trees (r = 0.39, P = 0.02), and the 
latewood of co-dominant trees (r = 0.38, P = 0.02). The cor-
relations we observed between RH and both isotopes over 
time (Table 1) can also be further explored in the Scheidegger 
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Figure 3. Annual BAI by crown class. Circles = dominant, 
squares = co-dominant, triangles = intermediate and May–October 
precipitation (PPT) is represented by the filled bars. Error bars equal 
the standard error of the means.
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conceptual framework (Figure 5). Deviations from zero in this 
figure represent year-to-year variation from the temporal aver-
age of each crown class for early- and latewood. For early-
wood of all size classes, The δ18Ocell range was 1.26, 0.49, 
and 1.41‰ greater than the δ13Ccell range for dominant, co-
dominant and intermediate trees, respectively. In latewood, 
range of variation from the mean is more equally distributed 
for both δ18Ocell and δ13Ccell (Figure 5) across all size classes, 
although the range of δ18Ocell was consistently greater than 
the range of δ13Ccell. For latewood, the difference in range 
between δ18Ocell and δ13Ccell was 0.63, 1.24 and 1.16‰ for 
dominant, co-dominant and intermediate trees, respectively. 
Years with the highest RH had consistently lower δ18O and 
δ13C values than years with lower RH (Figures 2 and 5, 
Table  1). Within the Scheidegger conceptual model, it is 
assumed that as δ18O decreased, RH increased which caused 
gs-INT to also increase. Therefore, Scheidegger et al. interpret 
greater changes in δ18O than in δ13C as AINT and gs-INT chang-
ing together over time resulting in constant iWUE over time.

Foliar nitrogen content in 2006 ranged from 0.88 to 1.11% 
for 1-year-old foliage and from 0.69 to 1.13% for current year 
foliage (Table 2). For both dominant and intermediate trees, 
δ13Ccell was significantly more enriched relative to the mean 
when foliar N was higher (Figure 6). Correlation coefficients for 
N versus δ13Ccell among dominant trees were 0.58 (P < 0.01) 
and 0.63 (P < 0.01) for earlywood and latewood, respectively. 
Intermediate-sized trees also had greater δ13Ccell with higher 

foliar N content in both earlywood (r = 0.72, P < 0.01) and 
latewood (r = 0.70, P < 0.01). Surprisingly, in co-dominant trees, 
δ13Ccell was not related to foliar N content in earlywood (r = 0.10, 
P = 0.57) or latewood (r = −0.08, P = 0.63). In earlywood, devi-
ations from the spatial mean for δ18Ocell were not related to foliar 
N content (P > 0.23, 0.51, and 0.49 for size classes). Coupling 
the δ18Ocell results with the δ13Ccell, the conceptual model indi-
cates that AINT was higher in high nitrogen trees in the early 
season. In latewood, deviations from the spatial mean for δ18Ocell 
were positively correlated with foliar N content for dominant 
(r = 0.63, P < 0.01) and intermediate (r = 0.49, P < 0.01) trees, 
but not for co-dominant trees (r = −0.15, P = 0.62). If changes in 
δ13C relative to changes in δ18O have a positive slope, 
Scheidegger et al. interpret this as an indication of gs-INT varying 
more between plots than AINT. In earlywood, both dominant and 
intermediate trees had a significant positive slope (r = 0.43, 
P < 0.01; r = 0.43, P < 0.01, respectively). In latewood, all size 
classes had a significant positive slope (r = 0.55, P < 0.01; 
r = 0.44, P < 0.01; and r = 0.40, P = 0.01 for dominant, co-dom-
inant and intermediate trees, respectively).

We calculated the difference between late- and earlywood 
values of both δ13Ccell and δ18Ocell to determine if seasonal 
shifts in the isotopic composition would be consistent with 
seasonal changes in gs that others have noted for Douglas-fir 
in this Mediterranean climate (Bond and Kavanagh 1999, 
McDowell et al. 2002, Phillips et al. 2002, Winner et al. 2004, 
Barnard 2009). If declines in gs-INT were responsible for isotopic 
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Figure 4. δ13Ccell values minus the mean δ13Ccell values for all samples versus δ18Ocell values minus mean δ18Ocell for all samples for earlywood (a–c) 
and latewood (d–f). Circles, squares and triangles are dominant, co-dominant and intermediate crown classes, respectively. Solid symbols repre-
sent the mean of the data with standard error bars. Data were normalized to the grand mean of all the data (all years, all plots and crown classes, 
but separate means for early and latewood). Points in each quadrant reflect the corresponding AINT − gs-INT response as indicated by the arrows.

Downloaded from https://academic.oup.com/treephys/article-abstract/32/10/1183/1633460
by guest
on 21 December 2017



Tree Physiology Volume 32, 2012

shifts between late- and earlywood, both isotopes should be 
more enriched in latewood relative to earlywood, but particu-
larly δ18O. In the dominant crown class, nearly every sample of 
latewood δ13Ccell was enriched compared with the earlywood 
values, indicating that the dominant trees became more water-
use efficient in the late season.

We note that earlywood can be a mixture of carbon fixed in 
the spring as well as stored carbohydrates from the previous fall 
and winter (Ogee et al. 2009), which would minimize the differ-
ence between late- and earlywood. In addition, 68% of the late-
wood δ18Ocell samples were enriched relative to the earlywood 
counterparts, indicating most dominant trees experienced a 
decline in stomatal conductance over the growing season. 
Because source water isotope values tended to decrease, not 
increase, through the growing season, changes in source water 
cannot explain our seasonal increase in δ18Ocell, but could explain 
why 32% of the latewood δ18Ocell samples were more depleted. 
A positive relationship existed between the two isotopes 

(r = 0.38, P = 0.02, Figure 7), indicating that water-use effi-
ciency increased with decreasing stomatal conductance, which 
kept AINT relatively constant through the season. Neither co-
dominant nor intermediate trees showed a consistent increase 
in water-use efficiency through the season (r = −0.12, P = 0.52; 
r = −0.21, P = 0.22, respectively) which could be because of the 
confounding factors of changes in source water isotopic values 
from early to latewood production, and the use of stored carbo-
hydrates in earlywood.

Discussion

The relationship among δ13Ccell, δ18Ocell and environmental 
variables

We found that δ13Ccell and δ18Ocell in tree ring chronologies can 
serve as proxies for a variety of environmental variables; 
however, the stable isotopes in dominant trees were the most 
responsive to environmental variables. Latewood δ13Ccell and 

1192  Barnard et al.

Figure 5. δ13Ccell minus temporal mean δ13Ccell versus δ18Ocell minus temporal mean δ18Ocell for earlywood (a–c) and latewood (d–f). Circles, squares 
and triangles are dominant, co-dominant and intermediate crown classes, respectively. Colors indicate relative humidity: black = highest RH years, 
white = lowest RH years. Data were normalized temporally such that deviations from zero represent year to year changes. Points in each quadrant 
reflect the corresponding AINT − gs-INT response as indicated by the arrows.

Table 2. Nitrogen composition (%) of current year (2006) foliage, 1-year-old foliage (2005).

Foliage N (SE)

Plot Current year 1-year-old Average Rank (low to high)

South-facing ridge 0.69 (0.03) 0.88 (0.02) 0.79 1
South-facing midslope1 0.94 (0.07) 0.94 (0.10) 0.94 3
South-facing bottom 1.13 (0.10) 1.11 (0.02) 1.12 4
North-facing bottom 0.81 (0.02) 0.97 (0.03) 0.89 2
North-facing ridge 0.80 (0.05) 1.07 (0.02) 0.94 3
1South-facing midslope plot values are from the 2005 growing season, where current year is 2005 and 1-year-old is 2004 foliage.
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δ18Ocell of dominant trees were significantly correlated with all 
environmental variables except for annual precipitation. Both 
earlywood and latewood δ13Ccell and δ18Ocell were negatively 
correlated with RH for dominant and co-dominant trees. These 
results are consistent with other studies, where increases in 
humidity result in reduced leaf evaporative enrichment of 18O 
(Edwards et  al. 2000, Barbour et  al. 2002, Roden and 
Ehleringer 2007). Previous studies using δ18O of tree rings 
were focused on their use as a reconstructive tool for past tem-
perature (Libby et al. 1976). In our study, temperature was sig-
nificant, but only moderately correlated with latewood isotopes 
of dominant trees. Rebetez et al. (2003) noted that δ18O in tree 

rings was related to temperature only during the time period 
when the wood is formed. More recently, Kahmen et al. (2011) 
found that it was difficult to disentangle the independent effects 
of humidity and temperature in a tropical ecosystem, but by 
using the two metrics together in the form of vapor pressure 
deficit, a robust relationship could be determined between δ18O 
of cellulose and climate. Our results highlight the potential use-
fulness of stable isotopes in tree rings when applied to dendro-
climatology, but suggest that dominant trees should be selected 
to obtain the best climate signals. Tree rings in this study 
demonstrated relatively uniform growth over time, and growth 
was not responsive to variation in environmental variables. 

Interpreting tree ring isotopes using a conceptual model  1193

Figure 6. δ13Ccell minus spatial mean δ13Ccell versus δ18Ocell minus spatial mean δ18Ocell for earlywood (a–c) and latewood (d–f). Circles, squares and 
triangles are dominant, co-dominant and intermediate crown classes, respectively. Colors indicate rank of foliar nitrogen content (%): black = high-
est N, white = lowest N. Data were normalized spatially such that deviations from zero represent variation between plots. Points in each quadrant 
reflect the corresponding AINT–gs-INT response as indicated by the arrows.

Figure 7. The difference between latewood and earlywood δ13Ccell and δ18Ocell for dominant (a), co-dominant (b) and intermediate (c) crown 
classes. Points in each quadrant reflect the corresponding AINT − gs-INT response as indicated by the arrows.
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Dendrochronological studies in the Pacific Northwest have 
found Douglas-fir radial growth to be sensitive to both moisture 
and temperature, and the sensitivity can change with elevation 
(Little et al. 1995, Zhang et al. 1999, Lo et al. 2010). We did 
not find growth (BAI) to be correlated with either of these cli-
mate measures; however, it is possible that correlations may 
exist at finer seasonal scales or within a longer time series than 
were the focus of this study. Other authors have acknowledged 
the utility of stable isotopes with similar complacent growth 
responses (McNulty and Swank 1995, Robertson et al. 2008, 
Roden 2008). Because we did not find BAI to be significantly 
related to any of the environmental variables that we consid-
ered, we conclude that variability in δ13Ccell and δ18Ocell is more 
reliable than ring width as an indicator of interannual variability 
in climate in mature Douglas-fir trees.

Interpreting δ13Ccell and δ18Ocell variation using the 
Scheidegger conceptual model

In this study, we relied on the conceptual model of Scheidegger 
et  al. (2000) to interpret our dual-isotope results where 
changes in δ18Ocell are primarily due to changes in leaf water 
enrichment caused by variation in air humidity and changes in 
δ13Ccell are related to plant water-use efficiency. Their model 
assumed that the δ18O of source water and water vapor is the 
same among investigation periods and the relationship between 
δ13Ccell and ci is negative. Based on these assumptions, 
Scheidegger et al. (2000) were able to predict ‘the most likely 
case’ for the responses of gs and Amax for a matrix of potential 
isotopic changes (Figure 1). While the conceptual model was 
developed on leaves, its results have been shown also to be 
applicable to tree rings where the A and g are more integrated 
values of these processes over the entire canopy and over time 
(Roden and Farquhar 2012). The Scheidegger model provides 
the means for deducing changes in gs-INT and AINT through 
examining the isotopic shifts in tree ring cellulose through time.

We found a strong positive relationship between δ13Ccell and 
δ18Ocell for dominant trees, and deduced from the conceptual 
model that AINT was relatively unchanged both spatially and 
temporally within our forest; the responses of δ13Ccell and 
δ18Ocell were interpreted as changes in gs-INT. In comparisons of 
the δ13Ccell–δ18Ocell relationships between earlywood and late-
wood of dominant trees, latewood values fell within a quadrant 
that represents increased WUE (AINT remain constant and gs-INT 
declines), whereas earlywood samples were more uniformly 
distributed (Figure 4). This shift between earlywood and late-
wood (Figure 7) was likely due to seasonal reductions in gs 
associated with our dry Mediterranean summers. In fact, 
Pypker et  al. (2008) observed seasonal declines in canopy 
conductance in the same watershed during years of our study. 
This seasonal shift is consistent with our trends with annual 
RH, where years with low RH resulted in higher WUE for domi-
nant trees (Figure 5). This pattern in the isotopes was observed 

despite the fact that xylem water became more depleted over 
the season reflecting deeper water sources. This shift and the 
potential use of stored carbohydrates for the production of 
earlywood would have lessened the differences we observed 
for dominant trees and could have masked the physiological 
effects in the lower crown classes.

In addition, we found that spatial differences in foliar N con-
tent supported the interpretations from the conceptual model. 
For dominant trees, our results indicated that spatial variations 
in δ13Ccell were strongly related to foliar N content (Figure 6). 
This is not surprising because it is well documented that high 
foliar N content generally increases AINT (Field and Mooney 
1986, Chapin et al. 2002, Duursma and Marshall 2006). Our 
study did not include temporal variations in foliar N; however, 
our results suggest that temporal measurements of foliar N 
may aid in interpreting the relationship between δ13Ccell and 
δ18Ocell within the framework of the conceptual model.

On the importance of stand dominance in tree ring 
isotope research

In general, one would expect to find variations in the isotopic 
composition of tree rings among dominance classes due to ver-
tical gradients in light, δ13Cair or RH (Elias et al. 1989, Buchmann 
et al. 1997, Hanba et al. 1997). One might also expect isotopic 
differences due to possible changes in hydraulic conductance 
with increasing tree size (Yoder et al. 1994, Koch et al. 2004, 
McDowell et al. 2011). Previous studies have shown that δ13C of 
leaves becomes more depleted lower in the canopy as light 
limits photosynthesis, thus decreasing A/gs with canopy depth 
(Hanba et al. 1997, Duursma and Marshall 2006). Furthermore, 
vertical gradients in 13C have also been linked to tree size, inde-
pendently from light gradients (Marshall and Monserud 2003, 
Woodruff et  al. 2004, McDowell et  al. 2011). The observed 
decrease in δ13C of leaves has been attributed to increases in ci 
and consequently, increased carbon isotope discrimination with 
decreases in light or increases in hydraulic conductance 
(Ehleringer et al. 1986, Farquhar et al. 1989a, Zimmerman and 
Ehleringer 1990, Hanba et al. 1997, Bond et al. 2007, McDowell 
et al. 2011). Consistent with prior studies, we observed inter-
mediate sized trees growing under more light-limited conditions 
to be more depleted than dominant trees.

We observed the biggest difference between dominant trees 
and other crown classes when examining latewood δ18Ocell. Our 
results, along with previous studies, show a strong correlation 
between δ18Ocell and RH (Edwards et al. 2000, Barbour et al. 
2002, Roden and Ehleringer 2007). If RH alone was responsi-
ble for the difference in δ18Ocell between dominant trees and 
other crown classes, we might infer that the canopy of domi-
nant trees is exposed to wider variation in RH conditions than 
those of co-dominant or intermediate trees within the same 
stand. However, coniferous forests tend to be well coupled to 
the atmosphere and we do not expect large vertical gradients 
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of RH to exist in our study plots, especially within the upper 
canopy during the daytime (Jarvis et  al. 1976, Jarvis and 
McNaughton 1986, Monteith 1995). Nevertheless, co-domi-
nant and intermediate trees may be less coupled to the bulk 
atmosphere and experience less variation in RH. We hypothe-
size that the difference in δ18Ocell between dominant trees and 
other crown classes may be due to more responsiveness in gs-

INT to environmental variation. Greater responsiveness of gs-INT in 
dominant trees could be due to wider variation in water stress 
of foliage at the top of the canopy. Stress-inducing mechanisms 
include increased leaf temperature, which in turn increases the 
leaf-to-air vapor pressure deficit and increased limitation to 
water transport as trees grow taller (Ryan and Yoder 1997, 
Martin et al. 1999, Niinemets et al. 2004). Our study does not 
have the required data to suggest if this mechanism might be 
responsible for a decline in gs-INT in dominant trees. However, 
the difference in late- and earlywood δ13Ccell and δ18Ocell in 
dominant trees within the Scheidegger conceptual model sug-
gests that seasonal reductions in gs-INT are at least partially 
responsible for enrichment in δ18Ocell. Additional work examin-
ing the vertical profiles of δ18O in leaves with regard to gs-INT is 
necessary to further our ability to interpret δ18Ocell.

Precautions in applying the Scheidegger conceptual 
model

The Scheidegger conceptual model is highly useful for making 
generalized predictions of physiological responses from dual 
stable isotope data; however, it does rely on assumptions that 
may not always be true. For example, in our comparison of 
early- to latewood, xylem water became more depleted 
between the two time periods violating the assumption that the 
isotopic value of source water does not change. However, this 
source water effect should have created the opposite pattern 
in isotopes from what we observed, allowing us to still use the 
conceptual framework. The conceptual model interpretation 
also relies on the fact that stomata are responsive to changes 
in RH. Roden and Farquhar (2012) found seedling δ18O values 
to be highly responsive to RH, but the seedling gas-exchange 
measurements were not responsive to changes in RH. In our 
case, several studies have shown that stomata in mature 
Douglas-fir trees are responsive to vapor pressure difference 
and thus RH (Bond and Kavanagh 1999, McDowell et al. 2002, 
Phillips et al. 2002, Warren et al. 2003b, Moore et al. 2004, 
Unsworth et al. 2004, Winner et al. 2004, Bond et al. 2007). 
Nevertheless, caution should always be used when interpreting 
physiological responses from the conceptual model as RH is 
really driving changes in δ18Ocell.

Another complicating factor is that the model was originally 
developed on leaf-level data, so the application to more inte-
grative tree rings may also present some problems. For 
example, the δ18Ocell values in tree rings represent a mixture of 
both evaporated leaf water and unevaporated xylem water, 

whereas leaf δ18O contains only the leaf water signal (Roden 
et  al. 2000, Barbour 2007). Thus, the scale of the δ18O 
responses will be more muted in tree rings compared to leaf 
cellulose. Investigating the biochemical fractionations and their 
timing that occur as oxygen and carbon are incorporated into 
wood cellulose is the focus of much recent research (Cernusak 
et al. 2009, Gessler et al. 2009, Ogee et al. 2009, Offermann 
et al. 2011, Roden and Farquhar 2012). Due to within-canopy 
variability of photosynthesis, stomatal conductance and leaf 
water enrichment, it is difficult to predict exactly what the iso-
topic shift from the leaves to the integrated wood cellulose will 
be. In addition, remobilization of starches from 1 year or one 
season to the next can also alter the isotopic signature 
recorded at a given point in the cellulose record (Allison et al. 
1985, Jäggi et  al. 2003, Farquhar et  al. 2007, Ogee et  al. 
2009, Offermann et al. 2011). However, some studies indicate 
that remobilization and translocation only play a minor role in 
latewood development (Loader et  al. 2003, Kagawa et  al. 
2005). These complex interactions can make the interpretation 
of tree ring isotopes extremely challenging in the absence of 
additional micrometeorological and isotopic source data. It is 
reasonable that these interactions may also be responsible in 
part for the lack of strong patterns observed in this study. 
Despite these challenges, we feel that the Scheidegger model 
remains a valuable tool in examining potential physiological 
responses through time when the assumptions of the model 
are met or exceptions can be documented. The isotopic theory 
linking oxygen and carbon isotopes in tree-ring cellulose to 
plant physiology has been extensively investigated and goes 
well beyond the conceptual model (Dupouey et  al. 1993, 
Saurer et  al. 1997, Duquesnay et  al. 1998, Roden and 
Ehleringer 1999, Roden et  al. 2000, Barbour et  al. 2002, 
2004, Barbour 2007, Sternberg 2009). Using the conceptual 
model is taking a step back from these explicit models and 
looking more generally at the patterns of isotopic change.

Conclusion

Using a normalization approach to reduce sources of variance, 
we used natural environmental gradients both spatially in a steep 
catchment dominated by a single species, P. menziesii, and tem-
porally over a series of years and seasonally to further our 
understanding of the relationships between δ13Ccell and δ18Ocell, 
annual ring widths, physiological processes and environmental 
variables. Using a qualitative conceptual model of the 13C–18O 
relationship as presented in Scheidegger et al. (2000), we found 
evidence of δ18Ocell being related to changes in RH, and thus 
influencing gs behavior over time. Spatial variance between plots 
was related to leaf nitrogen where plots with higher N values 
had higher AINT values, according to the model. We found that 
dominant trees behaved differently from sub-dominant trees 
within the same stand, and provide isotopic results that are most 
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consistent with current isotope theory. Stable isotopes in tree 
rings can be particularly useful for understanding physiological 
responses of forests to environmental change over short time 
series and where tree growth is relatively complacent with 
climate.

Acknowledgments

We thank Sierra Wolfenburg for sample processing and William 
Rugh for isotopic analysis. Thanks to John Marshall, 
Bob  Ozretich and two anonymous reviewers who provided 
comments and improved this manuscript. This manuscript has 
been subjected to the Environmental Protection Agency’s peer 
and administrative review, and it has been approved for publi-
cation as an EPA document. Mention of trade names or com-
mercial products does not constitute endorsement or 
recommendation for use.

Conflict of interest

None declared.

Funding

This work was supported by the Oregon State University 
Institute for Water and Watersheds, the American Geophysical 
Union Horton Research Grant, the Ford Foundation Fellowships 
Office and the U.S. Environmental Protection Agency.

References

Allison GB, Gat JR, Leaney FWJ (1985) The relationship between deu-
terium and oxygen-18 values in leaf water. Chem Geol 
58:145–156.

Anderson WT, Bernasconi SM, McKenzie JA, Saurer M (1998) Oxygen 
and carbon isotopic record of climatic variability in tree ring cellulose 
(Picea abies): an example from Switzerland (1913–1995). J Geophys 
Res 103:625–631, 636.

Barbour MM (2007) Stable oxygen isotope composition of plant tis-
sue: a review. Funct Plant Biol 34:83–94.

Barbour MM, Farquhar GD (2000) Relative humidity- and ABA-induced 
variation in carbon and oxygen isotope ratios of cotton leaves. Plant 
Cell Environ 23:473–485.

Barbour MM, Fischer RA, Sayre KD, Farquhar GD (2000) Oxygen iso-
tope ratio of leaf and grain material correlates with stomatal conduc-
tance and grain yield in irrigated wheat. Aust J Plant Physiol 
27:625–637.

Barbour MM, Walcroft AS, Farquhar GD (2002) Seasonal variation in 
δ13C and δ18O of cellulose from growth rings of Pinus radiata. Plant 
Cell Environ 25:1483–1499.

Barbour MM, Roden JS, Farquhar GD, Ehleringer JR (2004) Expressing 
leaf water and cellulose oxygen isotope ratios as enrichment above 
source water reveals evidence of a Peclet effect. Oecologia 
138:426–435.

Barnard HR (2009) Inter-relationships of vegetation, hydrology and 
micro-climate in a young, Douglas-fir forest. Dissertation, Oregon 
State University, Corvallis, OR.

Beedlow PA, Tingey DT, Waschmann RS, Phillips DL, Johnson MG 
(2007) Bole water content shows little seasonal variation in cen-
tury-old Douglas-fir trees. Tree Physiology 27:737–747.

Bert D, Leavitt SW, J.-L. Dupouey (1997) Variations in wood δ13C and 
water-use efficiency of Abies alba during the last century. Ecology 
78:1588–1596.

Binkley D, Stape JL, Ryan MG, Barnard HR, Fownes JH (2002) Age-
related decline in forest ecosystem growth: an individual-tree, 
stand-structure hypothesis. Ecosystems 5:58–67.

Bond BJ, Kavanagh KL (1999) Stomatal behavior of four wood species 
in relation to leaf-specific hydraulic conductance and threshold 
water potential. Tree Physiol 19:503–510.

Bond BJ, Meinzer FC, Brooks JR (2007) How trees influence the hydro-
logical cycle in forest ecosystems. In: Wood PJ, Hannah DM, Sadler 
JP (eds) Hydroecology and ecohydrology: past, present and future. 
John Wiley & Sons Ltd, Chichester, pp 7–35.

Brandes E, Kodama N, Whittaker K, Weston C, Rennenberg H, Keitel C, 
Adams MA, Gessler A (2006) Short-term variation in the isotopic 
composition of organic matter allocated from the leaves to the stem 
of Pinus sylvestris: effects of photosynthetic and postphotosynthetic 
carbon isotope fractionation. Glob Change Biol 12:1922–1936.

Brooks JR, Coulombe R (2009) Physiological responses to fertilization 
recorded in tree rings: isotopic lessons from a long-term fertilization 
trial. Ecol Appl 19:1044–1060.

Brooks JR, Mitchell AK (2011) Interpreting tree responses to thinning and 
fertilization using tree-ring stable isotopes. New Phytol 190:770–782.

Brooks JR, Flanagan LB, Ehleringer JR (1998) Responses of boreal 
conifers to climate fluctuations: indications from tree-ring widths 
and carbon isotope analyses. Can J For Res 28:524–533.

Brooks JR, Barnard HR, Coulombe R, McDonnell JJ (2010) 
Ecohydrologic separation of water between trees and streams in a 
Mediterranean climate. Nat Geosci 3:100–104.

Brooks JR, Wigington PJ, Comeleo R, Coulombe R (2012) Willamette 
River Basin surface water isoscape (δ18O and δ2H): temporal 
changes of source water within the river. Ecosphere 3:art39.

Buchmann N, W.-Y. Kao, and Ehleringer JR (1997) Influence of stand 
structure on carbon-13 of vegetation, soils, and canopy air within 
deciduous and evergreen forests in Utah, United States. Oecologia 
110:109–119.

Cernusak L, Tcherkez G, Keitel C, Cornwell WK, Santiago LS, Knohl A, 
Barbour MM, Williams DG, Reich PB, Ellsworth DS, Dawson TE, Griffiths 
HG, Farquhar GD, Wright IJ (2009) Why are non-photosynthetic tissues 
generally 13C enriched compared with leaves in C3 plants? Review and 
synthesis of current hypotheses. Funct Plant Biol 36:199–213.

Chapin FS III, Matson PA, Mooney HA (2002) Principles of terrestrial 
ecosystem Ecology. Springer, New York.

Craig H, Gordon LI (1965) Deuterium and oxygen 18 variations in the 
ocean and the marine atmosphere. In: Tongiorgi E (ed) Proceedings 
of a conference on stable isotopes in oceanographic studies and 
paleotemperatures, Spoleto, Italy, pp 9–130.

Dawson TE (1993) Water sources of plants as determined from xylem-
water isotopic composition: perspectives on plant competition, dis-
tribution, and water relations. In: Ehleringer JR, Hall AE, Farquhar GD 
(eds) Stable isotopes and plant carbon-water relations. Academic 
Press, Inc., New York, pp 465–496.

Dongmann G, Nurnberg HW, Forstel H, Wagener K (1974) On the 
enrichment of H218O in the leaves of transpiring plants. Radiat 
Environ Biophys 11:41–52.

Dupouey J-L, Leavitt S, Choisnel E, Jourdain S (1993) Modelling car-
bon isotope fractionation in tree rings based on effective 
evapotranspiration and soil water status. Plant Cell Environ 
16:939–947.

Duquesnay A, Breda N, Stievenard M, Dupouey JL (1998) Changes of 
tree-ring δ13C and water-use efficiency of beach (Fagus sylvatica L.) 

1196  Barnard et al.

Downloaded from https://academic.oup.com/treephys/article-abstract/32/10/1183/1633460
by guest
on 21 December 2017



Tree Physiology Online at http://www.treephys.oxfordjournals.org

in north-eastern France during the past century. Plant Cell Environ 
21:565–572.

Duursma RA, Marshall JD (2006) Vertical canopy gradients in δ13C 
correspond with leaf nitrogen content in a mixed-species conifer 
forest. Trees 20:496–506.

Edwards TWD, Graf W, Trimborn P, Stichler W, Lipp J, Payer HD (2000) 
δ13C response surface resolves humidity and temperature signals in 
trees. Geochim Cosmochim Acta 64:161–167.

Ehleringer JR (1991) 13C/12C fractionation and its utility in terrestrial 
plant studies. In: Coleman DC, Fry B (eds) Carbon isotope tech-
niques. Academic Press, San Diego, pp 187–200.

Ehleringer JR, Field CB, Lin Z, Kuo C (1986) Leaf carbon isotope and 
mineral composition in subtropical plants along an irradiance cline. 
Oecologia 70:520–526.

Ehleringer JR, Hall AE, Farquhar GD (eds) (1993) Stable isotopes and 
plant carbon-water relations. Academic Press, San Diego.

Ehleringer JR, Roden JS, Dawson TE (2000) Assessing ecosystem-
level water relations through stable isotope ratio analyses. In: Sala 
OE, Jackson RB, Mooney HA, Howarth RW (eds) Methods in ecosys-
tem science. Springer, New York, pp 181–198.

Elias P, Kratochvilova I, Janous D, Marek M, Masarovicova E (1989) 
Stand microclimate and physiological activity of tree leaves in an 
oak-hornbeam forest. I. Stand microclimate. Trees 4:234–240.

Emmingham WE (1977) Comparison of selected Douglas-fir seed 
sources for cambial and leader growth patterns in four western 
Oregon environments. Can J For Res 7:154–164.

Epstein S, Yapp CY, Hall JH (1976) The determination of D/H ratio of 
nonexchangeable hydrogen in cellulose extracted from aquatic 
and land plants. Earth Planetary Sci Lett 30:241–251.

Farquhar GD, Lloyd J (1993) Carbon and oxygen isotopes effects in 
the exchange of carbon dioxide between terrestrial plants and the 
atmosphere. In: Ehleringer JR, Hall AE, Farquhar GD (eds) Stable 
isotopes and plant carbon-water relations. Academic Press, New 
York, pp 47–70.

Farquhar GD, Sharkey TD (1982) Stomatal conductance and photo-
synthesis. Annu Rev Plant Physiol 33:317–345.

Farquhar GD, Ehleringer JR, Hubick KT (1989a) Carbon isotope dis-
crimination and photosynthesis. Annu Rev Plant Physiol Plant Mol 
Biol 40:503–537.

Farquhar GD, Hubick KT, Condon AG, Richards RA (1989b) Carbon 
isotope fractionation and plant water-use efficiency. In: Ehleringer 
JR, Hall AE, Farquhar GD (eds) Stable isotopes and plant carbon-
water relations. Academic Press, Inc., New York, pp 47–70.

Farquhar GD, Barbour MM, Henry BK (1998) Interpretation of oxygen 
isotope composition of leaf material. In: Griffiths H (ed) Stable iso-
topes: integration of biological, ecological and geochemical pro-
cesses. BIOS Scientific Publishers, Oxford, pp 27–61.

Farquhar GD, Cernusak LA, Barnes B (2007) Heavy water fraction-
ation during transpiration. Plant Physiol 143:11–18. 

Feng X, Epstein S (1995) Carbon isotopes of trees from arid 
environments and implications for reconstructing atmospheric CO2 
concentration. Geochim Cosmochim 59:2599–2608.

Field C, Mooney HA (1986) The photosynthesis-nitrogen relationship 
in wild plants. In: Givnish TJ (ed) On the economy of plant form and 
function. Cambridge University Press, Cambridge, pp 25–55.

Flanagan LB, Comstock JP, Ehleringer JR (1991) Comparison of mod-
eled and observed environmental influences on the stable oxygen 
and hydrogen isotope composition of leaf water in Phaseolus vul-
garis L. Plant Physiol 96:588–596.

Flexas J, M. Ribas-Carbo, A. Diaz-Espejo, Galmes J, Medrano H 
(2008)  Mesophyll conductance to CO2: current knowledge and 
future prospects. Plant Cell Environ 31:602–621.

Francey RJ, Farquhar GD (1982) An explanation of 13C/12C variations 
in tree rings. Nature 297:28–31.

Gessler A, Brandes E, Buchmann N, Helle G, Renneberg H, Barnard R 
(2009) Tracing carbon and oxygen isotope signals from newly 
assimilated sugars in the leaves to the tree-ring archive. Plant Cell 
Environ 32:780–795.

Graham CB, Barnard HR, Kavanagh KL, McNamara JP (2012) 
Catchment scale controls temporal connection of transpiration and 
diel fluctuations in streamflow. Hydrol Proces doi:10.1002/hyp.9334.

Grams TEE, Kozovits AR, Haberle K-H, Matyssek R, Dawson TE (2007) 
Combining δ13C and δ18O analysis to unravel competition, CO2 and 
O3 effects on the physiological performance of different-aged trees. 
Plant Cell Environ 30:1023–1034.

Hanba YT, Mori S, Lei TT, Koike T, Wada E (1997) Variations in leaf 
δ13C along a vertical profile of irradiance in a temperate Japanese 
forest. Oecologia 110:253–261.

Helle G, Schleser GH (2004) Beyond CO2-fixation by Rubisco—an 
interpretation of 13C/12C variations in tree rings from novel intra-sea-
sonal studies on broad-leaf trees. Plant Cell Environ 27:367–380.

Hill SA, Waterhouse JS, Field EM, Switsur VR, AP Rees T (1995) Rapid 
recycling of triose phosphates in oak stem tissue. Plant Cell Environ 
18:931–936.

Jäggi M, Saurer M, Fuhrer J, Siegwolf R (2003) Seasonality of δ18O in 
needles and wood of Picea abies. New Phytol 158:51–59.

Jarvis PG, McNaughton KG (1986) Stomatal control of transpiration: 
scaling up from leaf to region. Adv Ecol Res 15:1–49.

Jarvis PG, James GB, Landsberg JJ (1976) Coniferous forest. In: 
Monteith JL (ed) Vegetation and the atmosphere. Academic Press, 
London, pp 171–240.

Kagawa A, Sugimoto A, Yamashita K, Abe H (2005) Temporal photo-
synthetic carbon isotope signatures revealed in a tree ring through 
13CO2 pulse-labelling. Plant Cell Environ 28:906–915.

Kagawa A, Sugimoto A, Maximov T (2006a) Seasonal course of trans-
location, storage, and remobilization of 13C pulse-labeled photo-
assimilate in naturally growing Larix gmelinii saplings. New Phytol 
171:793–804.

Kagawa A, Sugimoto A, Maximov TC (2006b) 13CO2 pulse-
labelling  of photoassimilates reveals carbon allocation within 
and between tree rings. Plant Cell Environ 29:1571–1584.

Kahmen A, Sachse D, Arndt SK, Tu KP, Farrington H, Vitousek PM, 
Dawson TE (2011) Cellulose {delta}18O is an index of leaf-to-air 
vapor pressure difference (VPD) in tropical plants. Proc Natl Acad 
Sci USA 108:1981–1986.

Koch GW, Stillett SC, Jennings GM, Davis SD (2004) The limits to tree 
height. Nature 428:851–854.

Leavitt SW, Danzer SR (1993) Methods for batch processing small 
wood samples to holocellulose for stable-carbon isotope analysis. 
Ann Chem 65:87–89.

Libby LM, Pandolfi LJ, Payton PH, Marshall J III, Becker B, Giertz-Siebenlist 
V (1976) Isotopic tree thermometers. Nature 261:284–290.

Little RL, Peterson DL, Silsbee DG, Shainsky LJ, Bednar LF (1995) Radial 
growth patterns and the effects of climate on second-growth Douglas-
fir (Pseudotsuga menziesii) in the Siskiyou Mountains, Oregon. Can J 
For Res 25:724–735.

Lloyd J, Farquhar GD (1994) 13C discrimination during CO2 assimila-
tion by the terrestrial biosphere. Oecologia 99:201–215.

Lo Y, Blanco JA, Seely B, Welham C, Kimmins JP (2010) Relationships 
between climate and tree radial growth in interior British Columbia, 
Canada. For Ecol Manage 259:932–942.

Loader NJ, Robertson I, McCarroll D (2003) Comparison of stable car-
bon isotope ratios in the whole wood, cellulose and lignin of oak 
tree-rings. Paleogeogr Paleoclimatol Paleoecol 196:395–407.

Marshall JD, Monserud RA (2003) Foliage height influences specific 
leaf area of three conifer species. Can J For Res 33:164–170.

Marshall JD, Monserud RA (2006) Co-occurring species differ in tree-
ring 18O trends. Tree Physiol 26:1055–1066.

Interpreting tree ring isotopes using a conceptual model  1197

Downloaded from https://academic.oup.com/treephys/article-abstract/32/10/1183/1633460
by guest
on 21 December 2017



Tree Physiology Volume 32, 2012

Martin TA, Hinckley TM, Meizner FC, Sprugel DG (1999) Boundary 
layer conductance, leaf temperature and transpiration of Abies 
amabilis branches. Tree Physiol 19:435–443.

McCarroll D, Loader NJ (2004) Stable isotopes in tree rings. Quat Sci 
Rev 23:771–801.

McDowell NG, Phillips N, Lunch C, Bond BJ, Ryan MG (2002) An inves-
tigation of hydraulic limitation and compensation in large, old Douglas-
fir trees. Tree Physiol 22:763–774.

McDowell NG, Bond BJ, Hill LT, Ryan MG, Whitehead D (2011) 
Relationships between tree height and carbon isotope discrimina-
tion. In: Meinzer FC, Lachenbruch B, Dawson TE (eds) Tree 
Physiology (4): Size- and age-related changes in tree structure and 
function. Springer, New York, pp 255–286.

McNulty SG, Swank WT (1995) Wood δ13C as a measure of annual 
basal area growth and soil water stress in a Pinus strobus forest. 
Ecology 76:1581–1586.

Monteith JL (1995) A reinterpretation of stomatal responses to humid-
ity. Plant Cell Environ 18:357–364.

Moore GW, Bond BJ, Jones JA, Phillips N, Meinzer FC (2004) 
Structural and compositional controls on transpiration in 40- and 
450-year-old riparian forests in western Oregon, USA. Tree 
Physiol 24:481–491.

Niinemets U, Sonninen E, Tobias M (2004) Canopy gradients in leaf 
intercelluar CO2 mole fractions revisited: interactions between leaf 
irradiance and water stress need consideration. Plant Cell Environ 
27:569–583.

Offermann C, Ferrio JP, Holst J, Grote R, Siegwolf R, Kayler Z, Gessler 
A (2011) The long way down—are carbon and oxygen isotope 
signals in the tree ring uncoupled from canopy physiological pro-
cesses? Tree Physiol 31:1088–1102.

Ogee J, Barbour MM, Wingate L, Bert D, Bosc A, Stievenard M, Lambrot 
C, Pierre M, Bariac T, Loustau D, Dewar RC (2009) A single-
substrate model to interpret intra-annual stable isotope signals in 
tree-ring cellulose. Plant Cell Environ 32:1071–1090.

Oliver CD, Larson BC (1990) Forest stand dynamics. McGraw-Hill Inc., 
New York.

Ott RL (1993) An introduction to statistical methods and data analysis. 
4th edn. Duxbury Press, Belmont, CA.

Phillips N, Bond B, McDowell N, Ryan MG (2002) Canopy and hydrau-
lic conductance in young, mature, and old Douglas-fir trees. Tree 
Physiol 22:205–211.

Powers RF, Reynolds PE (1999) Ten-year responses of ponderosa pine 
plantations to repeated vegetation and nutrient control along an 
environmental gradient. Can J For Res 29:1027–1038.

Pypker TG, Hauck MJ, Sulzman EW, Unsworth MH, Mix AC, Kayler Z, 
Conklin D, Kennedy A, Barnard HR, Phillips C, Bond BJ (2008) 
Toward using δ13C of ecosystem respiration to monitor canopy phys-
iology in complex terrain. Oecologia 158:399–410.

Rebetez M, Saurer M, Cherubini P (2003) To what extent can oxygen 
isotopes in tree rings and precipitation be used to reconstruct past 
atmospheric temperature? A case study. Climatic Change 61:237–248.

Robertson I, Leavitt S, Loader NJ, Buhay W (2008) Progress in isotope 
dendroclimatology. Chem Geol 252:EX1–EX4.

Roden JS (2008) Cross-dating of tree ring δ18O and δ13C time series. 
Chem Geol 252:72–79. 

Roden JS, Ehleringer JR (1999) Hydrogen and oxygen isotope ratios of 
tree-ring cellulose for riparian trees grown long-term under hydro-
ponically controlled environments. Oecologia 121:467–477. 

Roden JS, Ehleringer JR (2007) Summer precipitation influences the 
stable oxygen and carbon isotopic composition of tree-ring cellu-
lose in Pinus ponderosa. Tree Physiol 27:491–501.

Roden JS, Farquhar GD (2012) A controlled test of the dual-iostope 
approach for the interpretation of stable carbon and oxygen isotope 
ratio variation in tree rings. Tree Physiol 32:490–503.

Roden JS, Lin G, Ehleringer J (2000) A mechanistic model for interpre-
tation of hydrogen and oxygen isotope ratios in tree-ring cellulose. 
Geochim Cosmochim Acta 64:21–35.

Rothacher J, Dyrness CT, Fredriksen FL (1967) Hydrologic and related 
characteristics of three small watersheds in the Oregon cascades. 
Pacific Northwest Forest and Range Experiment Station, Forest 
Service, USDA, Portland, OR.

Ryan MG, Yoder BJ (1997) Hydraulic limits to tree height and tree 
growth. Bioscience 47:235–242.

Saurer M, Siegwolf RTW (2007) Human impacts on tree ring growth 
reconstruction from stable isotopes. In: Dawson TE, Siegwolf RTW 
(eds) Stable isotopes as indicators of ecological change. Elsevier, 
New York, pp 49–62.

Saurer M, Aellen K, Siegwolf R (1997) Correlating δ13C and δ18O 
in cellulose of trees. Plant Cell Environ 20:1543–1550.

Scheidegger Y, Saurer M, Bahn M, Siegwolf R (2000) Linking stable 
oxygen and carbon isotopes with stomatal conductance and photo-
synthetic capacity: a conceptual model. Oecologia 125:350–357.

Seibt U, Rajabi A, Griffiths H, Berry JA (2008) Carbon isotopes and 
water use efficiency: sense and sensitivity. Oecologia 155:441–454.

Siegwolf R, Matyssek R, Saurer M, Maurer S, Gunthardt-Goerg MS, 
Schmutz P, Bucher J (2001) Stable isotope analysis reveals differen-
tial effects of soil nitrogen and nitrogen dioxide on the water use 
efficiency in hybrid poplar leaves. New Phytol 149:233–246.

Smith FW, Long JN (2001) Age-related decline in forest growth: an 
emergent property. For Ecol Manage 1–3:175–181.

Sternberg LDSL (1989) Oxygen and hydrogen isotope measurements 
in plant cellulose analysis. In: Linskens HF, Jackson JF (eds) Modern 
methods of plant analysis: plant fibers. Springer, Berlin, pp 89–99.

Sternberg LDSL (2009) Oxygen stable isotope ratios of tree-ring cel-
lulose: the next phase of understanding. New Phytol 181:553–562. 

Unsworth MH, Phillips N, Link T, Bond BJ, Falk M, Harmon ME, Hinckley 
TM, Marks D, Paw KTU (2004) Components and controls of water 
flux in an old-growth Douglas-fir western hemlock ecosystem. 
Ecosystems 7:468–481.

Vargas-Hernandez J (1990) Genetic variation of wood density compo-
nents in coastal douglas-fir and their relationships to growth rhythm. 
Oregon State University, Corvallis, OR.

Warren CR, Ethier GJ, Livingston NJ, Grant NJ, Turpin DH, Harrison DL, 
Black TA (2003a) Transfer conductance in second growth Douglas-
fir (Pseudotsuga menziesii (Mirb.) Franco) canopies. Plant Cell 
Environ 26:1215–1227.

Warren CR, Livingston NJ, Turpin DH (2003b) Responses of gas 
exchange to reversible changes in whole-plant transpiration rate in 
two conifer species. Tree Physiol 23:793–803.

White JWC, Cook ER, Lawrence JR, Broecker WS (1985) The D/H ratios in 
trees: implications for water sources and tree ring D/H ratios. Geochim 
Cosmochim Acta 49:237–246.

Winner WE, Thomas SC, Berry JA, Bond BJ, Cooper CE, Hinckley TM, 
Ehleringer JR, Fessenden JE, Lamb B, McCarthy S, McDowell NG, 
Phillips N, Williams M (2004) Canopy carbon gain and water use: 
analysis of old-growth conifers in the Pacific Northwest. Ecosystems 
7:482–497.

Woodruff D, Bond BJ, Meinzer FC (2004) Does turgor limit growth 
in tall trees? Plant Cell Environ 27:229–236.

Yoder BJ, Ryan MG, Waring RH, Schoettle AW, Kaufmann MR (1994) 
Evidence of reduced photosynthetic rates in old trees. For Sci 
40:513–527.

Zhang Q, Alfaro RI, Hebda RJ (1999) Dendroecological studies of tree 
growth, climate and spruce beetle outbreaks in Central British 
Columbia, Canada. For Ecol Manage 121:215–225.

Zimmerman JK, Ehleringer JR (1990) Carbon isotope ratios are corre-
lated with irradiance levels in the Panamanian orchid Catacetum 
viridiflavum. Oecologia 83:247–249.

1198  Barnard et al.

Downloaded from https://academic.oup.com/treephys/article-abstract/32/10/1183/1633460
by guest
on 21 December 2017


