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Rationale: We evaluated the applicability of tree‐ring δ13C and δ18O values in bulk wood –

instead of the more time and lab‐consuming α‐cellulose δ13C and δ18O values, to assess climate

and physiological signals across multiple sites and for six tree species along a latitudinal gradient

(35°97'N to 45°20'N) of the northeastern United States.

Methods: Wood cores (n = 4 per tree) were sampled from ten trees per species. Cores

were cross‐dated within and across trees at each site, and for the last 30 years. Seven years,

including the driest on record, were selected for this study. The δ13C and δ18O values were

measured on two of the ten trees from the bulk wood and the α‐cellulose. The offsets between

materials in δ13C and δ18O values were assessed. Correlation and multiple regression analyses

were used to evaluate the strength of the climate signal across sites. Finally the relationship

between δ13C and δ18O values in bulk wood vs α‐cellulose was analyzed to assess the

consistency of the interpretation, in terms of CO2 assimilation and stomatal conductance, from

both materials.

Results: We found offsets of 1.1‰ and 5.6‰ between bulk and α‐cellulose for δ13C

and δ18O values, respectively, consistent with offset values reported in the literature. Bulk

wood showed similar or stronger correlations to climate parameters than α‐cellulose for

the investigated sites. In particular, temperature and vapor pressure deficit and standard

precipitation‐evaporation index (SPEI) were the most visible climate signals recorded in

δ13C and δ18O values, respectively. For most of the species, there was no relationship

between δ13C and δ18O values, regardless of the wood material considered.

Conclusions: Extraction of α‐cellulose was not necessary to detect climate signals in tree

rings across the four investigated sites. Furthermore, the physiological information inferred from

the dual isotope approach was similar for most of the species regardless of the material

considered.
1 | INTRODUCTION

The use of stable carbon (δ13C values) and oxygen (δ18O values)

isotope compositions in tree rings has increased over the last two

decades, contributing substantially to improving our understanding

of how tree species worldwide are responding to climate

changes.1-6 Yet, despite their prevalence as climatic or ecophysiological

proxies, considerable uncertainty remains regarding which

wood component of tree rings is best suited for stable isotope

analysis.1,7-13
1. wileyonlinelibrary.co
Several studies investigated the signal coherence between bulk

wood and cellulose δ13C and δ18O values and climate parameters,

with mixed results. Some studies reported that bulk wood yielded

similar or stronger relationships with climate than cellulose for

δ13C14-17 and δ18O18 values, or both,19,20 while others demonstrated

a diluted climate signal in bulk wood for both δ13C and δ18O

values.21-23 Many of these studies are limited in the number of

samples, species and sites tested, thus restricting the generality of

their conclusions. Exceptions to this include a global study by Barbour

et al,18 which included δ18O values, and a multi‐species analysis at
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two sites in southern Germany by Weigt et al20 that considered both

δ13C and δ18O values. Both studies concluded that cellulose

extraction was an unnecessary step for detecting climate signals in

tree ring‐isotope investigations.

Tree‐ring δ13C and δ18O values have been extensively used to

assess long‐term changes in tree water‐use efficiency (WUE), i.e., the

ratio between CO2 assimilation (A) and stomatal conductance (gs), in

response to climatic and anthropogenic factors (e.g., elevated CO2,

nitrogen deposition).24-30 This approach is based on the well‐

established theory for the physiology of C3 photosynthesis, linking

bulk leaf C isotope discrimination, Δ13C, and the ratio of the CO2 in

the intercellular spaces, ci, and that in the atmosphere, ca (i.e., ci/ca).
31

However, many studies used cellulose δ13C values as the basis for their

calculations, except where efforts were made to follow the original

model31 by correcting for the offset in isotopic composition between

bulk tissue and cellulose.4,10,32 In addition to δ13C values, the measure

of δ18O values offers insight into the role of gs in the leaf ci/ca ratio

and, by extension, the WUE.33-35 The δ18O value in plant organic

matter reflects that of the leaf water where it was formed,36 which,

in turn, is affected by the δ18O value of the source water,37 including

meteoric, soil and atmospheric water, and isotopic fractionations

occurring during transpiration, as determined primarily by gs.
12,35,38-42

Since δ13C and δ18O values share their dependence on gs, a significant

relationship between the two implies that variations in the ci/ca ratio

and WUE are affected by changes in gs
33 (e.g., under a gradient of

moisture conditions or changes in vapor pressure deficit). In contrast,

variations in A are only reflected in changes in Δ13C and hence in the

δ13C value, which is reflected in the absence of a relationship between

the C and O isotope ratios. Whether the relationship between δ13C

and δ18O values is consistent regardless of the plant material consid-

ered (i.e., bulk wood or cellulose) remains an unresolved question.

Answering this question can be crucial to optimizing the use of the

dual isotope approach34 for advancing our understanding of tree

physiological responses to climate variability.

This study aims to evaluate whether there are differences

between bulk wood and α‐cellulose in the climate and physiological

information (e.g., changes in A and gs) derived from the combination
TABLE 1 Forest sites, tree species and years considered in the study

Site Lat °N Long °W Sampled species Years

Duke Forest 35°97' 79°10' Carya tomentosa L. (hickory) 2000,
200

Harvard Forest 42°54' 72°17' Quercus rubra L. (red oak) 1997,
200Tsuga canadensis L. Carr.

(hemlock)

Howland 45°20' 68°74' Picea rubens Sarg. (red spruce) 1996,
200Tsuga canadensis L. Carr.

(hemlock)

Silas Little 39°91' 74°60' Quercus prinus L.
(chestnut oak)

2004,
201

Pinus echinata Mill.
(shortleaf pine)

2003,
200

The dry years are indicated in bold.

Ta, Pa, VPDa indicate the annual mean of temperature, precipitation and vapor p
temperature, precipitation and vapor pressure deficit over the growing season,

Lat and Long indicate Latitude and Longitude, respectively.
of δ13C and δ18O values across different tree species at four sites

along a latitudinal gradient in the north‐eastern USA. Our specific

goals were: (1) to document the offset between bulk wood and

α‐cellulose for δ13C and δ18O values across multiple species and

sites; (2) to evaluate whether both materials reflect similar climate

signals [For δ18O values, we also tested whether the δ18O value

of source water (i.e., soil water) is recorded in both bulk wood

and α‐cellulose.]; and finally (3) to investigate whether the strength

and directionality of the relationship between δ13C and δ18O

values, which is often used to infer changes in A and gs, remained

similar between bulk wood and α‐cellulose.
2 | EXPERIMENTAL

2.1 | Study sites and sampling methods

Four forests were considered in this study, which included some of

the important tree species in the north‐eastern USA (Table 1). Sites

included mesic mature forests within two main climate zones,

according to the Koppen‐Geiger classification:43 Cfa – Warm

temperate climate, fully humid with hot summer (Duke Forest in

North Carolina; Silas Little in New Jersey) and Dfb – Snow climate,

fully humid with warm summer (Harvard Forest in Massachusetts;

Howland in Maine). Detailed description of the sites can be found

in Guerrieri et al.44 Along the latitudinal gradient (35°97'N to

45°20'N) and over the study years (Figure 1), the mean annual

temperature (Ta) ranged from 15°C to 6°C, while the mean annual

precipitation (Pa) showed similar values (Table 1). For each site, ten

trees from the two dominant species were selected, and four wood

cores were sampled from each tree. The tree species included three

conifers: hemlock (Tsuga canadensis L. Carr.), red spruce (Picea rubens Sarg.),

shortleaf pine (Pinus echinata Mill.); two ring‐porous broadleaved species:

red oak (Quercus rubra L.), chestnut oak (Quercus prinus L.); and one

semi‐ring‐porous species: hickory (Carya tomentosa L.) species. The

Tsuga canadensis was a common species at two sites, Harvard Forest

and Howland.
included in this study
Ta

(°C)
Pa

(mm)
VPDa

(kPa)
Tgrs

(°C)
Pgrs

(mm)
VPDgrs

(kPa)

2001,2002,2003,
4,2005,2006

15.13 1036 0.57 22.24 487 0.68

1998,1999,2000,
1,2002,2003

7.85 1144 0.35 18.92 359 0.53

1997,1998,1999,
3,2004,2005

6.64 858 0.45 16.65 443 0.68

2005, 2006,2007,
0,2011,2012

12.71 1123 0.53 21.49 476 0.78

2004,2005,
6,2009,2010,2011

ressure deficit, respectively, while Tgrs, Pgrs and VPDgrs the mean values of
grs (May‐August), calculated for the years considered in this study.



FIGURE 1 δ13C and δ18O values measured for each species (n = 2 trees per species) across the seven selected years of study. Sites in the panels

are arranged according to their latitude (from 45°20'N to 35°97'N). The dry years for each site: 1999 for Howland, 1997 for Harvard Forest, 2005
and 2010 for Silas Little and 2002 and 2005 for Duke Forest
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2.2 | Sample preparation and stable isotope
measurements

The wood cores were dated from the bark to the pith and ring width

measurements were carried out with a sliding scale micrometer

(Velmex, Bloomfield, NY, USA) using MeasureJ2X software (VoorTech

Consulting, Holderness, NH, USA). Ring width series were cross‐dated

first within each tree and then among trees using COFECHA.45 At each

site and for each species, the five cross‐dated trees with the highest

correlations with the master chronology were selected for isotopic

analyses and two of them were considered for the current study. The

average age of the trees was 80–100 years. The years identified for

the present study are within the last two decades. This prevented

noise related to the juvenile effect and changes in the lignin:cellulose

ratio at the heartwood:sapwood boundary when interpreting the

isotopic signal.

Each annual ring was separated and then cut in smaller pieces by

using a razor blade. For the conifer and semi‐ring‐porous species, the

whole annual ring was separated, while in the case of deciduous

species we subsampled only the late wood. We selected 7 years

(Table 1, Figure 1) out of the last 30 years, which included a dry year,

as well as years with no significant changes in moisture conditions. In

particular, for the Harvard Forest and Howland sites, target years were

identified by examining the difference between each year's growing

season Pa and vapor pressure deficit, VPD, and the annual mean,

calculated from available site‐level climate data (1992–2006 for

Harvard Forest and 1996–2004 for Howland). The year showing the

highest difference from the mean VPD and mean Pa and negative values

for the standard precipitation‐evaporation index, SPEI (Figure S1,

supporting information) was considered the 'dry year'. For the other

two sites (i.e., Duke Forest and Silas Little), the dry years were

identified based on the site description provided in published

papers.46-48 For each of the selected rings, 30% of the wood material

was kept as a bulk, while 70% of it was used for α‐cellulose

extraction, according to the procedure described previously.9,49
An amount of 0.3–0.4 mg of bulk wood and α‐cellulose samples for

each investigated year was weighed in tin capsules, and converted into

CO2 with an elemental analyzer (ECS 4010; Costech Analytical, Valencia,

CA, USA) coupled to a continuous flow isotope ratio mass spectrometer

(Delta PlusXP; ThermoFinnigan, Bremen, Germany) to determine δ13C

and%Cvalues. An additional 0.3 and 0.5mg of each sample wasweighed

in silver capsules, converted into CO with a pyrolysis elemental analyzer

(TC/EA, ThermoFinnigan) andanalyzed forδ18Ovalueswith a continuous

flow isotope ratio mass spectrometer (Delta PlusXP, ThermoFinnigan).

Carbon and oxygen isotope ratios were expressed in per mil (‰) relative

to the V‐PDB and V‐SMOW international standards, respectively. All

isotope analyses were carried out at the Stable Isotope Core Laboratory

(School of Biological Sciences, Washington State University, Pullman,

WA, USA). The standard deviations for internal standards were less than

0.2‰ and 0.4‰ for δ13C and δ18O values, respectively.
2.3 | Modelling δ18O values of source water

We estimated the δ18O values in soil water (δ18Osw), based on direct

measurements of the δ18Osw values in the first 10–15 cm depth,

sampled at monthly resolution in 2005 and 2006 at Harvard Forest

(T. Dawson and W. Munger, personal communication), which reflects

the isotopic signature of precipitation, modified by evaporation

processes.18,50 For modelling δ18Osw values we used a regression

analyses with Pa, Ta, and both together as independent predictors. This

approach is similar to the one reported by Barbour et al,18 which is

based on results presented by the International Atomic Energy Agency

(IAEA),51 except that we did not include the elevation (m asl) term in

the analysis as it does not change across the investigated sites. The

latitudinal effect on precipitation δ18O values,52 which is then

reflected in the δ18Osw values, is partially accounted for by Ta in the

regression model. Selection of the best model was based on the

Adjusted R2, but also on the Akaike information criterion, AIC values.

The two models containing only Ta, and both Pa and Ta as regressors
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had similar R2 values; however, we chose the model with Ta only,

because it showed lower AIC values (Table S1, supporting information).

The modelled δ18Osw values did not change over time at Harvard and

Duke Forests, while the values significantly increased at Silas Little

(slope = 0.03 ‰, R2 = 0.19, p < 0.05) and decreased (slope = −0.04 ‰,

R2 = 0.18, p < 0.05) at Howland (data not shown).
2.4 | Statistical analyses

The normality and variance heterogeneity of isotopic data were

assessed with the Shapiro and Levene tests, respectively. An

independent sample t‐test was performed to detect significant

differences between bulk and α‐cellulose for δ13C and δ18O values

across sites and tree species. The non‐parametric Kruskal‐Wallis test

was used when data did not conform to a normal distribution (i.e., in the

case of %C in bulk wood).

Partial correlation analyses and the Pearson product‐moment

correlation coefficient were used to assess correlations between

δ13C and δ18O values in both bulk and α‐cellulose vs environmental

parameters: temperature (T), vapor pressure deficit (VPD), and

standardized precipitation‐evaporation index (SPEI) for the month of

August with 3 months lag. Correlations were performed by considering

(i) mean annual value for T and VPD (Ta, VPDa) and (ii) growing season

mean (grs) from May to August (Tgrs and VPDgrs). SPEI values were

obtained from the global database available online.53

Linear mixed effects models, LME (R package nlme)54 with the

individual trees per species as random variable (7 years as replicates

each) were applied to assess the relationship between bulk wood and

α‐cellulose for both δ18O and δ13C values, to account for variation

among species and sites of the model intercept. We started with the

generalized linear model (GLM), and then introduced the random

factors: 'Site' and 'Species nested in Site'. The model with the minimum

AIC values was considered when comparing the GLM and LME models,

and the LME models, in this latter case by performing an analysis of

variance (ANOVA) test (Table S2, supporting information). For the best

model, we also calculated the conditional and marginal coefficient of

determination (package MuMIn),55 which indicate the variance explained

by both fixed and random factors and only the fixed factor, respectively.

Finally, multiple regression analyses were used to assess which of

the climate variables accounted for most of the cross‐site variation in

tree‐ring δ13C and δ18O values and to test whether bulk wood or
TABLE 2 Results from the paired sample t‐test assessing differences betwe
years reported in Figure 1 and Table 1. The analyses were carried out by (i)
each of the tree species included in the study

Site Species

δ13C (‰)

Bulk wood α‐cellulose

All sites All species −23.9 −22.9

Duke Forest Carya tomentosa −24.5 −23.3

Harvard Forest Quercus rubra −24.2 −24.1
Tsuga canadensis −22.7 −21.8

Howland Tsuga canadensis −24.5 −23.0
Picea rubens −22.3 −21.4

Silas Little Quercus prinus −25.0 −23.7
Pinus echinata −24.5 −22.6

(*), (**) and (***) indicate p < 0.05, p < 0.01 and p < 0.001, respectively.
α‐cellulose showed the strongest correlations with climate. Sites and

tree id per species were included altogether in the analyses and we

ran separate models for annual and growing season T and VPD. The

variance inflation factor (VIF) was checked to ensure that all the predictors

in the model had a VIF less than 4, which indicates a minimal multi‐

collinearity. Because of the collinearity between δ18Osw values and

Ta/Tgrs, we only included the isotopic composition of source water

(δ18Osw) in the model for δ18O values of bulk wood and α‐cellulose.

We used R project statistical computing56 for all the statistical analyses.
3 | RESULTS

3.1 | δ13C, δ18O and %C values measured in bulk and
α‐cellulose

In the following sections, the δ13C and δ18O values for α‐cellulose will

have the subscript c (δ13Cc and δ18Oc) and the bulk wood will have the

subscript b (δ13Cb and δ18Ob). The Harvard and Howland Forests are

referred to as 'high latitude sites' and the Silas Little and Duke Forests

as 'low latitude sites'.

Differences between bulk and α‐cellulose were clearer for δ18O

than for δ13C values, which showed a higher variability between

species and tree ids (Figure 1). Overall, α‐cellulose showed higher δ13C

and δ18O values than bulk wood (Table 2), by an average of 1.1‰ and

5.6‰, respectively. These results were consistent when we stratified

by tree species, with the exception of Quercus rubra at Harvard Forest,

which did not show significant differences between bulk and α‐cellulose

for δ13C values (Table 2). For both materials, high latitude sites showed

significantly less negativeδ13C values (δ13Cb =−23.4‰, δ13Cc =−22.7‰)

than the lower latitude sites (δ13Cb = −24.7‰, δ13Cc = −23.2‰)

(Figures 2A and 2B). The measured δ18O values for high latitude sites

were lower inbothbulk (δ18Ob=22.2‰) andα‐cellulose (δ18Oc =28.1‰)

than for sites at southernmost latitude (δ18Ob = 24.8‰, δ18Oc = 30‰)

(Figures 2C and 2D).

In the case of bulk wood, there was a significant difference in %C

between sites at higher latitude and those at the lower latitude

(Krustal‐Wallis χ2 = 43.77, p < 0.001). The difference between bulk

wood and α‐cellulose for %C was higher for species at the northern

than the southern latitude sites (Figure S2, supporting information),

with mean values ranging from 13.0 ± 6.0% to 5.4 ± 1.9%, respectively.
en bulk and α‐cellulose for the δ13C and δ18O values measured for the
considering all species together (all species), and (ii) keeping separated

δ18O (‰)

t‐value p bulk α‐cellulose t‐value p

−5.97 *** 25.2 29.0 −20.31 ***

−4.64 *** 24.1 28.4 −11.34 ***

−0.42 n.s. 25.2 29.0 −12.92 ***
−3.30 ** 21.9 28.1 −13.21 ***

−5.38 *** 22.7 29.2 −17.30 ***
−2.53 * 22.4 28.0 −15.78 ***

−4.13 *** 25.2 30.1 −11.54 ***
−4.05 *** 25.2 31.4 −21.23 ***



FIGURE 2 Boxplots showing δ13C and δ18O
values measured in bulk (δ13Cb and δ18Ob)
(A, C) and α‐cellulose (δ13Cc and δ18Oc) (B, D)
for the two dominant species at the four
investigated AmeriFlux sites. Sites in the x‐axis
are arranged according to their latitude (from
45o 20′ to 35o 97′N)
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We found a significant and positive relationship between bulk

wood and α‐cellulose for both carbon and oxygen isotope ratios

(Figure 3) and for all sites, with slopes of 0.6 and 0.8 for δ13C and

δ18O values, respectively. However, when considering a linear‐mixed

effect model, the relationship between materials for both carbon and

oxygen isotope ratios was improved and most of the variance was

explained by the random factor, i.e., Site and Species (Table 3).

3.2 | Correlations and regressions between δ13C and
δ values and site parameters

The δ13C and δ18O values measured in both bulk wood and α‐cellulose

showed significant correlations with climate variables (Ta, VPDa, Tgrs),

with higher correlation coefficients obtained for bulk wood (Table 4).

For conifer species, correlations with climate variables and δ13C values

were only significant in the bulk wood, while only α‐cellulose showed

significant correlations in the case of broadleaf species (data not

shown). Both conifer and broadleaf species had significant correlations

between climate parameters and δ18O values in both bulk wood and

α‐cellulose (data not shown). Furthermore, both materials showed

significant correlations between δ18O and δ18Osw values, with slightly

higher correlation coefficients in the case of the bulk wood.

Temperature was the only parameter with a significant and

negative relationship with δ13C values; this trend was consistent for

both bulk wood and α‐cellulose (Table 5). By contrast, the bulk δ18O

values recorded the signal of the oxygen isotopic composition of the

source water, δ18Osw, which was lost when we considered the δ18O

values in α‐cellulose. However, we found a significant relationship

between VPD and SPEI and δ18O values in both materials (Table 5).
3.3 | Relationship between δ13C and δ18O values in
bulk wood and α‐cellulose

The differences across sites for the δ18O values of source water or

atmospheric water vapor may affect the interpretation of the δ18O

values measured in tree rings, when all species (and sites) are

considered together. We therefore explored relationships between

the stable carbon and oxygen isotopic compositions at the species

level within each site (Figure 4). When considering the bulk wood,

we did not find a significant relationship between δ13C and δ18O

values for any of the investigated species. Similarly, for α‐cellulose,

most of the species did not show a significant relationship between

the C and O isotope ratios, with two notable exceptions: Quercus rubra

at Harvard Forest (R2 = 0.67, slope = 1.61, p < 0.001) and Tsuga

canadensis at Howland (R2 = 0.53, slope = 1.10, p < 0.01).
4 | DISCUSSION

4.1 | Offset between bulk wood and α‐cellulose for
δ13C and δ18O and %C values

Significant differences were found in the isotopic compositions of bulk

wood and α‐cellulose, with higher δ13C and δ18O values for α‐cellulose.

The offsets of 1.1‰ and 5.6‰ between bulk wood and α‐cellulose for

C andO isotope ratios, respectively, arewithin the range of values reported

in previous studies for δ13C13-16,32,57-63 and δ18O values.16,18,63,64

Extracted α‐cellulose isolated from different tree species had a

relative %C within the reported range of 41–45% from the literature

and it is close to the theoretical value of 44.45%.65 This suggests that



FIGURE 3 Relationship between bulk wood and α‐cellulose for δ13C
(top) and δ18O values (bottom)
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the quality of the α‐cellulose was high. Interestingly, the difference

between bulk wood and α‐cellulose for %C was higher in the case of

species at the northern sites than those at the more southern sites. This

could be attributed to a higher proportion of extractives being removed

at the northern sites, with more conifer species than the other two sites

(Table 1). However, Harlow et al10 reported higher %C for the

extractive free wood than for bulk wood for over 40 species in the USA,

which included both coniferous and deciduous species. The observed

differences between sites at different latitudes for %C in bulk wood

could indicate that species at the northern sites have a higher lignin:
TABLE 3 Descriptive statistic of the Linear mixed effects model. Fixed fac
random factor is Species nested in the Site (i.e., 1|Site/Species) for δ13C valu
was carried out as described main text and based on results shown in Tabl

Equation

Fixed factor

Estimate (β) Standar

δ13Cb = α + β x δ13Cc + (1|Site/Species) + ε 0.41 0.09

δ18Ob = α + β x δ18Oc + (1|Site) + ε 0.37 0.06

Marginal R2 and conditional R2 indicate the variance explained by fixed factors on
cellulose ratio than those at the southern sites. Indeed, lignin content

is the greatest source of the difference in δ13C values between total

wood and cellulose.59 Higher lignin content, which implies a higher C

content,66 was found for softwoods than for hardwoods.67 Our results

for bulk wood agree with previous studies, where significant

differences among species for C content in wood were observed.67,68
4.2 | Comparing bulk and α‐cellulose for the climate
signal detected from tree‐ring δ13C and δ18O values

Tree‐ring cellulose has often been considered as the best material for

assessing the climatic signal recorded in tree‐ring C and O isotope ratios

because it is relatively pure, with a consistent structure, known

biosynthetic pathway, and low mobility between annual rings, so that

its isotopic composition and interpretation are considered more

predictable than those of bulk wood.1,3,12,69 Overall, we found that

across the multiple species at the four sites, climate signals were

similarly or more strongly recorded in bulk wood than in α‐cellulose,

particularly for δ13C values (Tables 4 and 5). This suggests that cellulose

extraction may be unnecessary when the goal is to capture a regional‐

scale climate signal on a short time window. This agrees with previous

studies, which found that bulk wood provides the same climate signal

as cellulose for δ13C values.14,16,20,70 More contrasting results have been

reported for δ18O values as to whether bulk wood18,64,71 or

cellulose14,16,41,72 shows stronger or similar73 correlations with climate.

The combination of tree‐ring δ13C and δ18O values provided

complementary climate information. Tree‐ring δ13C values were

sensitive to T, while δ18O values to VPD and SPEI, consistent with

previous studies.3,6,16,20,71 The positive relationship between SPEI

and δ18O values observed in this study is contrary to that expected,

as lower SPEI is typically associated with greater moisture stress and,

consequently, a reduction in leaf transpiration. This would presumably

translate to higher leaf water 18O enrichment due to a lower mix

between unenriched water from the xylem (which has the same

isotopic composition as the soil water) and 18O‐enriched water at the

leaf evaporative sites,38 which is then partially reflected in the δ18O

values measured in tree rings.36 However, these assumptions may

not apply to mesic forests occurring along a latitudinal gradient mostly

driven by changes in T, rather than by moisture conditions. The

relationship between δ18O values and climate suggests that VPDmight

constrain transpiration more than soil moisture for mesic forests.74

The stronger relationship between δ13C and δ18O values and site‐

parameters in the case of the bulk wood could be partially explained by

the difference across species along the investigated gradient in the

lignin:cellulose ratio8 and its link to xylem cell development during radial

growth. Tree‐ring formation consists of twomain cellular processes: new
tor is the δ13C and δ18O values measured in α‐cellulose, while the
es, and Site only (i.e., 1|Site) for δ18O values. The selection of the model
e S2 (supporting information)

Marginal R2 Conditional R2d Error t‐value p

4.46 *** 0.19 0.56

5.58 *** 0.22 0.69

ly and by both random and fixed factors, respectively. ***indicates p < 0.001



TABLE 5 Results from the multiple regression analyses to assess the relationship between δ13C and δ18O values measured in bulk wood (δ13Cb,
δ18Ob) and α‐cellulose (δ13Cc, δ

18Oc) for all sites and environmental parameters to test for regional climate patterns along the site latitudinal
gradient. Climate parameters included mean annual and growing season temperature (Ta and Tgrs, respectively), mean annual and growing season
vapor pressure deficit (VPDa and VPDgrs, respectively), SPEI for August with 3 months lag, modeled soil water δ18O values (δ18Osw) as described in

the main text

Model R2 Parameters β t‐value p

δ13Cb ~ Ta + VPDa + SPEI 0.23 Ta −0.15 −2.74 **

δ13Cb ~ Tgrs + VPDgrs + SPEI 0.18 Tgrs −0.23 −3.66 ***

δ13Cc ~ Ta + VPDa + SPEI 0.09 Ta −0.18 −3.01 **

δ13Cc~ Tgrs + VPDgrs + SPEI 0.08 Tgrs −0.19 ‐3.003 **

δ18Ob ~ VPDa + δ18Osw + SPEI 0.58 VPDa 8.96 4.48 ***
δ18Osw 0.29 2.48 *

δ18Ob ~ VPDgrs + δ18Osw + SPEI 0.66 VPDgrs 5.94 6.55 ***
SPEI 0.32 2.14 *
δ18Osw 0.51 6.86 **

δ18Oc ~ VPDa + δ18Osw + SPEI 0.35 VPDa 13.005 5.08 ***

δ18Oc ~ VPDgrs + δ18Osw + SPEI 0.50 VPDgrs 8.44 7.35 ***
SPEI 0.42 2.23 *

Because of the collinearity betweenTa/Tgrs and δ18Osw values, we included only the latter in the linear models for δ18O values. We report only the adjusted
R2 and the coefficient, β, when t‐test showed β values were significantly different from zero.

(*), (**) and (***) indicate p < 0.05, p < 0.01 and p < 0.001, respectively.

FIGURE 4 Relationship between δ13C and δ18O values measured in bulk (δ13Cb and δ18Ob) and α‐cellulose (δ13Cc and δ18Oc) for tree species
considered at each site. Relationship was significant only in the case of Quercus rubra at Harvard Forest (slope = 1.61, R2 = 0.67, p < 0.01) and
Tsuga canadensis at Howland (slope = 1.10, R2 = 0.53, p < 0.01), and when α‐cellulose was considered [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 4 Results from the Partial correlation analyses to explore correlation between δ13C and δ18O values in bulk and α‐cellulose and
environmental parameters: mean annual and growing season temperature (Ta and Tgrs, respectively), mean annual and growing season vapor
pressure deficit (VPDa and VPDgrs, respectively), SPEI for August with 3 months lag, modeled soil water δ18O values (δ18Osw) as described in the
main text

Isotopic
composition Material

Parameters

SPEI Ta VPDa Tgrs VPDgrs δ18Osw

δ13C Bulk −0.05 −0.43 (***) −0.34 (**) −0.38 (***) −0.20
α‐cell −0.10 −0.23 (*) −0.05 −0.23 (*) 0.08

δ18O Bulk −0.17 0.70 (***) 0.73 (***) 0.61 (***) 0.64 0.70 (***)
α‐cell −0.13 0.35 (**) 0.55 (***) 0.29 (**) 0.66 (***) 0.35 (**)

Analyses were performed by considering all species and sites together. Pearson coefficients are reported and (*), (**) and (***) indicate p < 0.05, p < 0.01 and
p < 0.001, respectively.
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xylem cell production and enlargement (radial growth) and deposition of

cellulose, hemicellulose and at last lignin, to build the secondarywalls (cell

wall thickening).75,76 Lignin deposition is a high C demand process

extending beyond tree radial growth77 and cellulose deposition, and it

has been shown to be highly sensitive to temperature.75,78-80 Preserving

lignin may increase the robustness of the temperature signal, the

detection of a temperature gradient and its influence on physiological

processes (e.g., investment of current year photosynthates in lignin

deposition) toward the late growing season, if the bulk wood δ13C value

is considered when investigating species across regions. Similar patterns

for δ18O values were observed in the meta‐analysis by Barbour et al.18

However, the relationship between whole wood (including lignin) and

cellulose is subject to change over long time periods (e.g., from changes

in climate, CO2 concentration, wood composition), such that

reconstructing climate from tree rings spanning centuries in paleoclimatic

studies needs to be done cautiously.17

Finally, another advantage of using bulk wood identified in our

study is that it carries a stronger fingerprint of the δ18Osw values than

α‐cellulose (Tables 4 and 5) for tree‐ring δ18O values. This finding

indicates that the isotopic signature of the source water is an

important predictor of tree‐ring δ18O values in the absence of soil water

limitation. Barbour et al18 showed that for Quercus and Pinus ssp., the

δ18O values in lignin reflected not only the isotopic signal of the

molecular oxygen during lignin synthesis, but also the leaf and source

water δ18O values.
4.3 | Do bulk wood and α‐cellulose carry similar
physiological information to that derived from the dual
isotope approach?

While the most common use of the dual isotope approach34 is to look

at different combinations of shifts in δ13C vs δ18O values to assess

changes in A and gs among species in response to climate81-85 or to

treatments,6,30,86 a number of studies looked at the relationship

between δ13C and δ18O values measured in tree rings.33,81,82

In this study, we were particularly interested in assessing whether

the directionality and strength of the relationship between δ13C and

δ18O values were similar, regardless of the material considered. For the

two species at Silas Little and Duke Forest, and one species at Harvard

Forest (Tsuga canadensis) and Howland (Picea rubens), no significant

relationship between δ13C and δ18O values was observed for both

materials (Figure 4), suggesting that interpretation of the results, in terms

of changes in A and/or gs, would not be affected by the material used for

analyses. Conversely, for Quercus rubra at Harvard Forest and Tsuga

canadensis at Howland, significant and positive relationships were

observed between δ13C and δ18O values for α‐cellulose, but not for bulk

wood. In this case, the interpretation of the major controls on changes in

ci/ca and WUE based on the dual isotope approach would differ

depending on the used plant material. This diverging result could be

partially related to the seasonal changes in δ18O values in precipitation

and differences in water depth accessed by trees, which will both

determine the isotopic signature of soil water, and, by extension, the

tree‐ring δ18O values.87 At Howland, we did find a significant change

over the investigated years in the modelled δ18Osw values, which might

help to explain the difference between the two materials for the
relationship between δ13C and δ18O values. However, this was not the

case for δ18Osw values at Harvard Forest, which did not show significant

changes over time.

We acknowledge that the dual isotope approach should be used

with caution, especially when interpreting qualitative changes in the

integrated gs from tree‐ring δ18O values.88 However, this approach

could be improved by using site‐specific conditions88 and also tree‐

specific physiological and functional traits.44,88
5 | CONCLUSIONS

Our study offers useful insight for the future directions of dendroisotopic

research seeking to understand spatial and temporal patterns of tree

carbon and water use strategies under climate change across

regional networks of multiple sites and species.We found that extraction

of α‐cellulose can be avoided when aiming at detecting the climate

signal across the four investigated sites and species along a latitudinal

gradient of mesic forests in northeastern USA. Our results further

suggest that removing lignin may reduce the detection of the climate

signal toward the end of the growing season for both δ13C and δ18O

values and for the δ18O values of source water in the case of tree‐ring

δ18O values.Moreover, considering both δ13C and δ18O values allows

complementary climate information to be gained, with T alone and

VPD and SPEI combined, serving as the best predictors for δ13C

and δ18O values, respectively. Therefore, measuring both C and O

isotope ratios contributes to improving the interpretation of plant

physiology–climate interactions. Finally, α‐cellulose extraction can

be reliably avoided for sites where the physiological information

using the dual isotope approach was similar for all species regardless

of the material considered.

We acknowledge that our results rely on a limited number of trees

and might require confirmation when longer time series are

considered. Nevertheless, they suggest that it could be good practice

to conduct a site‐ and species‐specific preliminary analysis to

determine whether α‐cellulose extraction is required before relying

solely on bulk wood for dendroisotopic studies.
ACKNOWLEDGEMENTS

This study was supported by the National Aeronautics and

Space Administration (NASA) through the Terrestrial Ecology

Program (Grant No. NNX12AK56G awarded to S.O. and H.A.). R.G.

acknowledges her current EU‐funding within the MSCA individual

fellowship (Project No. 705432). S.B. was funded through the

National Science Foundation Grant No. NSF‐BCS‐ 1229887. We are

grateful to M. Day, L. Lepine and S. Maxwell for assistance in the field

and R. Snyder and L. Buzinski for assistance with dendrochronological

measurements and cellulose extraction. We thank the PIs and

research personnel of eddy covariance flux sites for making

micrometeorological data available and for their support during

wood core sampling at the investigated sites, particularly at Silas Little

(K. Clark), and Duke Forest (R. Oren and J. C. Domec). Finally, we thank

anonymous reviewers for improving the manuscript thanks to their

comments and suggestions.



GUERRIERI ET AL. 2089
ORCID

Rossella Guerrieri http://orcid.org/0000-0001-5247-0432

Katie Jennings http://orcid.org/0000-0002-2385-9788

Soumaya Belmecheri http://orcid.org/0000-0003-1258-2741

Scott Ollinger http://orcid.org/0000-0001-6226-1431

REFERENCES

1. McCarroll D, Loader NJ. Stable isotopes in tree rings. Quater Sci Rev.
2004;23(7‐8):771‐801.

2. Peñuelas J, Canadell JG, Ogaya R. Increased water‐use efficiency during
the 20th century did not translate into enhanced tree growth.
Glob Ecol Biogeogr. 2011;20(4):597‐608. https://doi.org/10.1016/j.
quascirev.2003.06.017

3. Xu G, ChenT, Liu X, JinY, An WL, Wang WZ. Summer temperature var-
iations recorded in tree‐ring δ13C values on the northeastern Tibetan
Plateau. Theoret Appl Climatol. 2011;105(1):51‐63. https://doi.org/
10.1007/s00704‐010‐0370‐z

4. Saurer M, Spahni R, Frank DC, et al. Spatial variability and temporal
trends in water‐use efficiency of European forests. Glob Change Biol.
2014;20(12):3700‐3712.

5. van der Sleen P, Groenendijk P, Vlam M, et al. No growth stimulation of
tropical trees by 150 years of CO2 fertilization but water‐use efficiency
increased. Nat Geosci. 2015;8:24‐28. https://doi.org/10.1016/j.
gloplacha.2015.01.014

6. Trahan MW, Schubert BA. Temperature‐induced water stress in
high‐latitude forests in response to natural and anthropogenic
warming. Glob Change Biol. 2016;22(2):782‐791. https://doi.org/
10.1111/gcb.13121

7. Gray J, Thompson P. Climatic information from 18O/16O analysis of
cellulose, lignin and whole wood from tree rings. Nature.
1977;270:708‐709. https://doi.org/10.1038/270708a0

8. Wilson AT, Grinsted MJ. 12C/13C in cellulose and lignin as
palaeothermometers. Nature. 1977;265(5590):133‐135. https://doi.
org/10.1038/265133a0

9. Leavitt SW, Danzer SR. Method for batch processing small wood sam-
ples to holocellulose for stable‐carbon isotope analysis. Anal Chem.
1993;65(1):87‐89. https://doi.org/10.1021/ac00049a017

10. Harlow BA, Marshall JD, Robinson AP. A multi‐species comparison of 13C
from whole wood, extractive‐free wood and holocellulose. Tree Physiol.
2006;26(6):767‐774. https://doi.org/10.1093/treephys/26.6.767

11. Leavitt SW. Tree‐ring C–H–O isotope variability and sampling.
Sci Total Environ. 2010;408(22):5244‐5253. https://doi.org/10.1016/j.
scitotenv.2010.07.057

12. Gessler A, Ferrio JP, Hommel R, Treydte K, Werner RA, Monson RK.
Stable isotopes in tree rings: Towards a mechanistic understanding of
isotope fractionation and mixing processes from the leaves to the
wood. Tree Physiol. 2014;34(8):796‐818. https://doi.org/10.1093/
treephys/tpu040

13. Helle G, Schleser GH. Beyond CO2‐fixation by rubisco – An interpreta-
tion of 13C/12C variations in tree rings from novel intra‐seasonal
studies on broad‐leaf trees. Plant Cell Environ. 2004;27(3):367‐380.
https://doi.org/10.1111/j.0016‐8025.2003.01159.x

14. Borella S, Leuenberger M, Saurer M, Siegwolf R. Reducing uncertainties
in δ13C analysis of tree rings: Pooling, milling, and cellulose extraction. J
Geophys Res. 1998;103(D16):19519‐19526. https://doi.org/10.1029/
98JD01169

15. Loader NJ, Robertson I, McCarroll D. Comparison of stable carbon iso-
tope ratios in the whole wood, cellulose and lignin of oak tree‐rings.
Palaeogeogr Palaeoclimatol Palaeoecol. 2003;196(3‐4):395‐407.
https://doi.org/10.1016/S0031‐0182(03)00466‐8

16. Ferrio JP, Voltas J. Carbon and oxygen isotope ratios in wood
constituents of Pinus halepensis as indicators of precipitation,
temperature and vapour pressure deficit. Tellus B Chem Phys
Meteorol. 2005;57(2):164‐173. https://doi.org/10.1111/j.1600‐
0889.2005.00137.x

17. Sidorova OV, Siegwolf RTW, Saurer M, Naurzbaev MM, Vaganov
EA. Isotopic composition (δ13C, δ18O) in wood and cellulose of
Siberian larch trees for early medieval and recent periods. J
Geophys Res. 2008;113:G02019. https://doi.org/10.1029/
2007JG000473

18. Barbour MM, Andrews TJ, Farquhar GD. Correlations between oxygen
isotope ratios of wood constituents of Quercus and Pinus samples from
around the world. Funct Plant Biol. 2001;28(5):335‐348. https://doi.
org/10.1071/PP00083

19. Sidorova OV, Siegwolf RTW, Saurer M, Naurzbaev MM, Shashkin AV,
Vaganov EA. Spatial patterns of climatic changes in the Eurasian north
reflected in Siberian larch tree‐ring parameters and stable isotopes.
Glob Change Biol. 2010;16(3):1003‐1018. https://doi.org/10.1111/
j.1365‐2486.2009.02008.x

20. Weigt RB, Bräunlich S, Zimmermann L, et al. Comparison of δ18O and
δ13C values between tree‐ring whole wood and cellulose in five species
growing under two different site conditions. Rapid Commun Mass
Spectrom. 2015;29(23):2233‐2244. https://doi.org/10.1002/rcm.7388

21. Cullen LE, Grierson PF. Is cellulose extraction necessary for developing
stable carbon and oxygen isotopes chronologies from Callitris
glaucophylla? Palaeogeogr Palaeoclimatol Palaeoecol. 2006;236(3‐
4):206‐216. https://doi.org/10.1016/j.palaeo.2005.11.003

22. Szymczak A, Joachimski MM, Bräuning A, Hetzer T, Kuhlemann J. Com-
parison of whole wood and cellulose carbon and oxygen isotope series
from Pinus nigra ssp. laricio (Corsica/France). Dendrochronologia.
2011;29(4):219‐226. https://doi.org/10.1016/j.dendro.2011.04.001

23. Bégin C, Gingras M, Savard MM, Marion J, Nicault A, BéginY. Assessing
tree‐ring carbon and oxygen stable isotopes for climate reconstruction
in the Canadian northeastern boreal forest. Palaeogeogr
Palaeoclimatol Palaeoecol. 2015;423:91‐101. https://doi.org/10.1016/
j.palaeo.2015.01.021

24. Peñuelas J, Hunt JM, Ogaya R, Jump AS. Twentieth century changes of
tree‐ring δ13C at the southern range‐edge of Fagus sylvatica: Increasing
water‐use efficiency does not avoid the growth decline induced by
warming at low altitudes. Glob Change Biol. 2008;14(5):1076‐1088.
https://doi.org/10.1111/j.1365‐2486.2008.01563.x

25. Guerrieri R, Siegwolf RTW, Saurer M, Ripullone F, Mencuccini M,
Borghetti M. Anthropogenic NOx emissions alter the intrinsic water‐
use efficiency (WUEi) for Quercus cerris stands under Mediterranean
climate conditions. Environ Pollut. 2010;158(9):2841‐2847. https://
doi.org/10.1016/j.envpol.2010.06.017

26. Guerrieri R, Mencuccini M, Sheppard LJ, et al. The legacy of enhanced
N and S deposition as revealed by the combined analysis of δ13C, δ18O
and δ15N in tree rings. Glob Change Biol. 2011;17(5):1946‐1962.
https://doi.org/10.1111/j.1365‐2486.2010.02362.x

27. Belmecheri S, Maxwell RS, Taylor AH, Davis KJ, Freeman KH, Munger
WJ. Tree‐ring δ13C tracks flux tower ecosystem productivity estimates
in a NE temperate forest. Environ Res Lett. 2014;9(7):074011. https://
doi.org/10.1088/1748‐9326/9/7/074011

28. Frank DC, Poulter B, Saurer M, et al. Water‐use efficiency and transpi-
ration across European forests during the Anthropocene. Nat Climate
Change. 2015;5(6):579‐583. https://doi.org/10.1038/nclimate2614

29. Huang Z, Liu B, Davis M, Sardans J, Peñuelas J, Billings S. Long‐term
nitrogen deposition linked to reduced water use efficiency in forests
with low phosphorus availability. New Phytol. 2016;210(2):431‐442.
https://doi.org/10.1111/nph.13785

30. Jennings K, Guerrieri R, Vadeboncoeur M, Asbjornsen H. Response of
Quercus velutina growth and water use efficiency to climate variability
and nitrogen fertilization in a temperate deciduous forest in the north-
eastern U.S. Tree Physiol. 2016;36(4):428‐443. https://doi.org/
10.1093/treephys/tpw003

31. Farquhar G, O'Leary M, Berry J. On the relationship between carbon
isotope discrimination and the intercellular carbon dioxide

http://orcid.org/0000-0001-5247-0432
http://orcid.org/0000-0002-2385-9788
http://orcid.org/0000-0003-1258-2741
http://orcid.org/0000-0001-6226-1431
https://doi.org/10.1016/j.quascirev.2003.06.017
https://doi.org/10.1016/j.quascirev.2003.06.017
https://doi.org/10.1007/s00704-010-0370-z
https://doi.org/10.1007/s00704-010-0370-z
https://doi.org/10.1016/j.gloplacha.2015.01.014
https://doi.org/10.1016/j.gloplacha.2015.01.014
https://doi.org/10.1111/gcb.13121
https://doi.org/10.1111/gcb.13121
https://doi.org/10.1038/270708a0
https://doi.org/10.1038/265133a0
https://doi.org/10.1038/265133a0
https://doi.org/10.1021/ac00049a017
https://doi.org/10.1093/treephys/26.6.767
https://doi.org/10.1016/j.scitotenv.2010.07.057
https://doi.org/10.1016/j.scitotenv.2010.07.057
https://doi.org/10.1093/treephys/tpu040
https://doi.org/10.1093/treephys/tpu040
https://doi.org/10.1111/j.0016-8025.2003.01159.x
https://doi.org/10.1029/98JD01169
https://doi.org/10.1029/98JD01169
https://doi.org/10.1016/S0031-0182(03)00466-8
https://doi.org/10.1111/j.1600-0889.2005.00137.x
https://doi.org/10.1111/j.1600-0889.2005.00137.x
https://doi.org/10.1029/2007JG000473
https://doi.org/10.1029/2007JG000473
https://doi.org/10.1071/PP00083
https://doi.org/10.1071/PP00083
https://doi.org/10.1111/j.1365-2486.2009.02008.x
https://doi.org/10.1111/j.1365-2486.2009.02008.x
https://doi.org/10.1002/rcm.7388
https://doi.org/10.1016/j.palaeo.2005.11.003
https://doi.org/10.1016/j.dendro.2011.04.001
https://doi.org/10.1016/j.palaeo.2015.01.021
https://doi.org/10.1016/j.palaeo.2015.01.021
https://doi.org/10.1111/j.1365-2486.2008.01563.x
https://doi.org/10.1016/j.envpol.2010.06.017
https://doi.org/10.1016/j.envpol.2010.06.017
https://doi.org/10.1111/j.1365-2486.2010.02362.x
https://doi.org/10.1088/1748-9326/9/7/074011
https://doi.org/10.1088/1748-9326/9/7/074011
https://doi.org/10.1038/nclimate2614
https://doi.org/10.1111/nph.13785
https://doi.org/10.1093/treephys/tpw003
https://doi.org/10.1093/treephys/tpw003


2090 GUERRIERI ET AL.
concentration in leaves. Aust J Plant Physiol. 1982;9(2):121‐137.
https://doi.org/10.1071/PP9820121

32. Marshall JD, Monserud RA. Homeostatic gas‐exchange parameters
inferred from 13C/12C in tree rings of conifers. Oecologia.
1996;105(1):13‐21. https://doi.org/10.1007/BF00328786

33. Saurer M, Aellen K, Siegwolf R. Correlating δ13C and δ18O in cellulose
of trees. Plant Cell Environ. 1997;20(12):1543‐1550. https://doi.org/
10.1046/j.1365‐3040.1997.d01‐53.x

34. Scheidegger Y, Saurer M, Bahn M, Siegwolf RTW. Linking stable
oxygen and carbon isotopes with stomatal conductance and photosyn-
thetic capacity: A conceptual model. Oecologia. 2000;125(3):350‐357.
https://doi.org/10.1007/s004420000466

35. Barbour MM, Roden JS, Farquhar GD, Ehleringer JR. Expressing leaf
water and cellulose oxygen isotope ratios as enrichment above
source water reveals evidence of a Péclet effect. Oecologia.
2004;138(3):426‐435. https://doi.org/10.1007/s00442‐003‐1449‐3

36. Gessler A, Brandes E, Keitel C, et al. The oxygen isotope enrichment of
leaf‐exported assimilates – Does it always reflect lamina leaf water
enrichment? New Phytol. 2013;200(1):144‐157. https://doi.org/
10.1111/nph.12359

37. Ehleringer JR, Dawson TE. Water uptake by plants: perspectives from
stable isotope composition. Plant Cell Environ. 1992;15(9):1073‐1082.
https://doi.org/10.1111/j.1365‐3040.1992.tb01657.x

38. Farquhar GD, Lloyd J. Carbon and oxygen isotope effects in the
exchange of carbon dioxide between plants and the atmosphere. In:
Ehleringer JR, Hall AE, Farquhar GD, eds. Stable Isotope and Plant Car-
bon–Water Relations. New York: Academic Press; 1993:47‐70.

39. Gessler A, Brandes E, Buchmann N, Helle G, Rennenberg H, Barnard
RL. Tracing carbon and oxygen isotope signals from newly
assimilated sugars in the leaves to the tree‐ring archive. Plant
Cell Environ. 2009;32(7):780‐795. https://doi.org/10.1111/j.1365‐
3040.2009.01957.x

40. Song X, Barbour MM, Farquhar GD, Vann DR, Helliker BR. Transpira-
tion rate relates to within‐ and across‐species variations in effective
path length in a leaf water model of oxygen isotope enrichment. Plant
Cell Environ. 2013;36(7):1338‐1351. https://doi.org/10.1111/
pce.12063

41. Roden J, Kahmen A, Buchmann N, Siegwolf R. The enigma of effective
path length for 18O enrichment in leaf water of conifers. Plant Cell Envi-
ron. 2015;38(12):2551‐2565. https://doi.org/10.1111/pce.12568

42. Cernusak LA, Barbour MM, Arndt SK, et al. Stable isotopes in leaf water
of terrestrial plants. Plant Cell Environ. 2016;39(5):1087‐1102. https://
doi.org/10.1111/pce.12703

43. Kottek M, Grieser J, Beck C, Rudolf B, Rubel F. World map of
the Koeppen‐Geiger climate classification updated. Meteorol Z.
2006;15(3):259‐263. https://doi.org/10.1127/0941‐2948/2006/
0130

44. Guerrieri R, Asbjornsen H, Lepine L, Xiao J, Ollinger S. Evapotranspira-
tion and water use efficiency in relation to climate and canopy nitrogen
in U.S. forests. Eur J Vasc Endovasc Surg. 2016;121(10):2610‐2629.
https://doi.org/10.1002/2016JG003415

45. Holmes RL. Computer‐assisted quality control in tree‐ring dating and
measurement. Tree‐ring Bull. 1983;43(1):69‐78. https://doi.org/
10.1016/j.ecoleng.2008.01.004

46. Palmroth S, Maier CA, McCarthy HR, et al. Contrasting responses to
drought of the forest floor CO2 efflux in a loblolly pine plantation and
a nearby oak‐hickory forest. Glob Change Biol. 2005;11(3):421‐434.
https://doi.org/10.1111/j.1365‐2486.2005.00915.x

47. Stoy PC, Katul GG, Siqueira MBS, et al. Separating the effects of
climate and vegetation on evapotranspiration along a
successional chronosequence in the southeastern US. Glob Change
Biol. 2006;12(11):2115‐2135. https://doi.org/10.1111/j.1365‐
2486.2006.01244.x

48. Clark KL, Skowronski N, Gallagher M, Renninger H, Schäfer K. Effects
of invasive insects and fire on forest energy exchange and
evapotranspiration in the New Jersey pinelands. Agric Forest Meteorol.
2012;166‐167:50‐61. doi:https://doi.org/10.1016/j.
agrformet.2012.07.007.

49. Sternberg L, Mulkey SS, Wright SJ. Oxygen isotope ratio stratification
in a tropical moist forest. Oecologia. 1989;81(1):51‐56. https://doi.
org/10.1007/BF00377009

50. DawsonTE, Mambeli S, Plamboeck AH, Templer PH, Tu KP. Stable iso-
topes in plant ecology. Annu Rev Ecol System. 2002;33(1):507‐559.
https://doi.org/10.1146/annurev.ecolsys.33.020602.095451

51. Statistical Treatment of Data on Environmental Isotopes in Precipita-
tion. Technical Reports Series No. 331. Vienna: International Atomic
Energy Agency (IAEA); 1992.

52. Dansgaard W. Stable isotopes in precipitation. Tellus. 1964;
16(4):436‐468.

53. Available: http://sac.csic.es/spei/.

54. Pinheiro J, Bates D, DebRoy S, Sarkar D. R CoreTeam. nlme: Linear and
Nonlinear Mixed Effects Models. R package, version 3.1‐131; 2017.
Available: https://cran.r-project.org/package=nlme.

55. Bartoń K. MuMIn: multi‐model inference. R package, version 0.12.2;
2009. Available: http://r‐forge.r‐project.org/projects/mumin/.

56. R Core Team. R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2014 Available:
http://www.r-project.org.

57. Tans PP, Mook WG. Past atmospheric CO2 levels and the 13C/12C
ratios in tree rings. Tellus. 1980;32(3):268‐283.

58. Leavitt SW, Long A. Seasonal stable‐carbon isotope variability in tree
rings: possible paleoenvironmental signals. Chem Geol Isot Geosci Sect.
1991;87(1):59‐70. https://doi.org/10.1016/0168‐9622(91)90033‐S

59. Macfarlane C, Warren CR, White DA, Adams MA. A rapid and simple
method for processing wood to crude cellulose for analysis of stable
carbon isotopes in tree rings. Tree Physiol. 1999;19(12):831‐835.
https://doi.org/10.1093/treephys/19.12.831

60. Cullen LE, Macfarlane C. Comparison of cellulose extraction methods
for analysis of stable isotope ratios of carbon and oxygen in plant mate-
rial. Tree Physiol. 2005;25(5):563‐569.

61. Rasheed F, Richard B, Le Thiec D, et al. Time course of δ13C in poplar
wood: genotype ranking remains stable over the life cycle in plantations
despite some differences between cellulose and bulk wood. Tree
Physiol. 2011;3(11):1183‐1193. https://doi.org/10.1093/treephys/
tpr108

62. Hietz P, Wanek W, Dunisch O. Long‐term trends in cellulose δ13C and
water‐use efficiency of tropical Cedrela and Swietenia from Brazil.
Tree Physiol. 2005;25(6):745‐752. https://doi.org/10.1093/treephys/
25.6.745

63. Gori Y, Wehrens R, Greule M, et al. Carbon, hydrogen and oxygen sta-
ble isotope ratios of whole wood, cellulose and lignin methoxyl groups
of Picea abies as climate proxies. Rapid Commun Mass Spectrom.
2013;27(1):265‐275. https://doi.org/10.1002/rcm.6446

64. Mischel M, Esper J, Keppler F, Greule M, Werner W. δ2H, δ13C and
δ18O from whole wood, a‐cellulose and lignin methoxyl groups in
Pinus sylvestris: a multi‐parameter approach. Isotopes Environ
Health Stud. 2015;51(4):553‐568. https://doi.org/10.1080/
10256016.2015.1056181

65. Brendel O, Iannetta PPM, Stewart D. A rapid and simple method to iso-
late pure alpha‐cellulose. Phytochem Anal. 2000;11(1):7‐10. https://doi.
org/10.1002/(SICI)1099-1565(200001/02)11:1%3C7::AID-PCA488%
3E3.0.CO;2-U

66. Chave J, Coomes D, Jansen S, Lewis SL, SwensonNG, Zanne AE. Towards
a worldwide wood economics spectrum. Ecol Lett. 2009;12(4):351‐366.
https://doi.org/10.1111/j.1461‐0248.2009.01285.x

67. Lamlom SH, Savidge RA. A reassessment of carbon content in wood:
variation within and between 41 North American species. Biomass
Bioenergy. 2003;25(4):381‐388. https://doi.org/10.1016/S0961‐
9534(03)00033‐3

https://doi.org/10.1071/PP9820121
https://doi.org/10.1007/BF00328786
https://doi.org/10.1046/j.1365-3040.1997.d01-53.x
https://doi.org/10.1046/j.1365-3040.1997.d01-53.x
https://doi.org/10.1007/s004420000466
https://doi.org/10.1007/s00442-003-1449-3
https://doi.org/10.1111/nph.12359
https://doi.org/10.1111/nph.12359
https://doi.org/10.1111/j.1365-3040.1992.tb01657.x
https://doi.org/10.1111/j.1365-3040.2009.01957.x
https://doi.org/10.1111/j.1365-3040.2009.01957.x
https://doi.org/10.1111/pce.12063
https://doi.org/10.1111/pce.12063
https://doi.org/10.1111/pce.12568
https://doi.org/10.1111/pce.12703
https://doi.org/10.1111/pce.12703
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1002/2016JG003415
https://doi.org/10.1016/j.ecoleng.2008.01.004
https://doi.org/10.1016/j.ecoleng.2008.01.004
https://doi.org/10.1111/j.1365-2486.2005.00915.x
https://doi.org/10.1111/j.1365-2486.2006.01244.x
https://doi.org/10.1111/j.1365-2486.2006.01244.x
https://doi.org/10.1016/j.agrformet.2012.07.007
https://doi.org/10.1016/j.agrformet.2012.07.007
https://doi.org/10.1007/BF00377009
https://doi.org/10.1007/BF00377009
https://doi.org/10.1146/annurev.ecolsys.33.020602.095451
http://sac.csic.es/spei/
https://cran.r-project.org/package=nlme
http://r-forge.r-project.org/projects/mumin/
http://www.r-project.org
https://doi.org/10.1016/0168-9622(91)90033-S
https://doi.org/10.1093/treephys/19.12.831
https://doi.org/10.1093/treephys/tpr108
https://doi.org/10.1093/treephys/tpr108
https://doi.org/10.1093/treephys/25.6.745
https://doi.org/10.1093/treephys/25.6.745
https://doi.org/10.1002/rcm.6446
https://doi.org/10.1080/10256016.2015.1056181
https://doi.org/10.1080/10256016.2015.1056181
https://doi.org/10.1002/(SICI)1099-1565(200001/02)11:1%3C7::AID-PCA488%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1099-1565(200001/02)11:1%3C7::AID-PCA488%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1099-1565(200001/02)11:1%3C7::AID-PCA488%3E3.0.CO;2-U
https://doi.org/10.1111/j.1461-0248.2009.01285.x
https://doi.org/10.1016/S0961-9534(03)00033-3
https://doi.org/10.1016/S0961-9534(03)00033-3


GUERRIERI ET AL. 2091
68. Thomas SC, Martin AR. Carbon content of tree tissues: a synthesis.
Forest. 2012;3(2):332‐352. https://doi.org/10.3390/f3020332

69. Andreu L, Planells O, Gutiérrez E, Helle G, Schleser GH. Climatic signif-
icance of tree‐ring width and δ13C in a Spanish pine forest network.
Tellus B. 2008;60(5):771‐781. https://doi.org/10.1111/j.1600‐
0889.2008.00370.x

70. Roden JS, Farquhar GD. A controlled test of the dual‐isotope approach
for the interpretation of stable carbon and oxygen isotope ratio varia-
tion in tree rings. Tree Physiol. 2012;32(4):490‐503. https://doi.org/
10.1093/treephys/tps019

71. Robertson I, Loader NJ, McCarroll D, Carter AHC, Cheng L, Leavitt SW.
δ13C of tree‐ring lignin as an indirect measure of climate change. Water
Air Soil Pollut Focus. 2004;4(2‐3):531‐544. https://doi.org/10.1023/B:
WAFO.0000028376.06179.af

72. Battipaglia G, Maya J, Saurer M, Siegwolf RTW, Cotrufo MF. Climatic
sensitivity of δ18O in the wood and cellulose of tree rings: Results from
a mixed stand of Acer pseudoplatanus L. and Fagus sylvatica L.
Palaeogeogr Palaeoclimatol Palaeoecol. 2008;261(1‐2):193‐202.
https://doi.org/10.1016/j.palaeo.2008.01.020

73. Borella S, Leuenberge M, Saurer M. Analysis of δ18O in tree rings:
wood–cellulose comparison and method dependence sensitivity. J
Geophys Res. 1999;104(D16):19267‐19273. https://doi.org/10.1029/
1999JD900298

74. Novick KA, Ficklin D, Stoy PC, et al. The increasing importance of
atmospheric demand for ecosystem water and carbon fluxes. Nat
Climate Change. 2016;1:1‐5. https://doi.org/10.1038/NCLIMATE3114

75. Rossi S, Deslauriers A, Anfodillo T. Assessment of cambial activity and
xylogenesis by microsampling tree species: an example at the Alpine
timberline. IAWA J. 2006;27(4):383‐394. https://doi.org/10.1163/
22941932‐90000161

76. Rossi S, Morin H, Deslauriers A. Causes and correlations in cambium
phenology: towards an integrated framework of xylogenesis. J Exp
Bot. 2012;63(5):2117‐2126.

77. Cuny HE, Rathgeber CBK, Frank D, et al. Woody biomass production
lags stem‐girth increase by over one month in coniferous forests. Nat
Plants. 2015;1(11):15160

78. Gindl W, Grabner M, Wimmer R. The influence of temperature on late-
wood lignin content in treeline Norway spruce compared with
maximum density and ring width. Trees – Struct Funct.
2000;14(7):409‐414. https://doi.org/10.1007/s004680000057

79. Donaldson LA. Lignification and lignin topochemistry – An ultrastruc-
tural view. Phytochemistry. 2001;57(6):859‐873. https://doi.org/
10.1016/S0031‐9422(01)00049‐8

80. Piermattei A, Crivellaro A, Carrer M, Urbinati C. The "blue ring": anat-
omy and formation hypothesis of a new tree‐ring anomaly in conifers.
Trees – Struct Funct. 2015;29(2):613‐620. https://doi.org/10.1007/
s00468‐014‐1107‐x
81. Barbour MM, Walcroft AS, Farquhar GD. Seasonal variation in δ13C
and δ18O of cellulose from growth rings of Pinus radiata. Plant Cell
Environ. 2002;25(11):1483‐1499. https://doi.org/10.1046/j.0016‐
8025.2002.00931.x

82. Barnard HR, Brooks JR, Bond BJ. Applying the dual‐isotope conceptual
model to interpret physiological trends under uncontrolled conditions.
Tree Physiol. 2012;32(10):1183‐1198. https://doi.org/10.1093/
treephys/tps078

83. Lévesque M, Siegwolf R, Saurer M, Eilmann B, Rigling A. Increased
water‐use efficiency does not lead to enhanced tree growth under
xeric and mesic conditions. New Phytol. 2014;203(1):94‐109. https://
doi.org/10.1111/nph.12772

84. Moreno‐Gutiérrez C, Dawson TE, Nicolás E, Querejete JI. Isotopes
reveal contrasting water use strategies among coexisting plant species
in a Mediterranean ecosystem. New Phytol. 2012;196(2):489‐496.
https://doi.org/10.1111/j.1469‐8137.2012.04276.x

85. Saurer M, Siegwolf RTW. Human impacts on tree‐ring growth recon-
structed from stable isotopes. In: Dawson TE, Siegwolf RTW, eds.
Stable Isotopes as Indicators of Ecological Change, Terrestrial Ecology
Series. Boston, Amsterdam: Elsevier; 2007:49‐62.

86. Grams TEE, Kozovits AR, Haberle KH, Matyssek R, Dawson TE. Com-
bining δ13C and δ18O analyses to unravel competition CO2 and O3

effects on the physiological performance of different‐aged trees. Plant
Cell Environ. 2007;30(8):1023‐1034. https://doi.org/10.1111/j.1365‐
3040.2007.01696.x

87. Song X, Clark KS, Helliker BR. Interpreting species‐specific variation in
tree‐ring oxygen isotope ratios among three temperate forest trees.
Plant Cell Environ. 2014;37(9):2169‐2182. https://doi.org/10.1111/
pce.12317

88. Roden J, Siegwolf R. Is the dual‐isotope conceptual model fully
operational? Tree Physiol. 2012;32(10):1179‐1182.
SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Guerrieri R, Jennings K, Belmecheri S,

Asbjornsen H, Ollinger S. Evaluating climate signal recorded in

tree‐ring δ13C and δ18O values from bulk wood and α‐cellulose

for six species across four sites in the northeastern US. Rapid

Commun Mass Spectrom. 2017:31;2081‐2091. https://doi.org/

10.1002/rcm.7995

https://doi.org/10.3390/f3020332
https://doi.org/10.1111/j.1600-0889.2008.00370.x
https://doi.org/10.1111/j.1600-0889.2008.00370.x
https://doi.org/10.1093/treephys/tps019
https://doi.org/10.1093/treephys/tps019
https://doi.org/10.1023/B:WAFO.0000028376.06179.af
https://doi.org/10.1023/B:WAFO.0000028376.06179.af
https://doi.org/10.1016/j.palaeo.2008.01.020
https://doi.org/10.1029/1999JD900298
https://doi.org/10.1029/1999JD900298
https://doi.org/10.1038/NCLIMATE3114
https://doi.org/10.1163/22941932-90000161
https://doi.org/10.1163/22941932-90000161
https://doi.org/10.1007/s004680000057
https://doi.org/10.1016/S0031-9422(01)00049-8
https://doi.org/10.1016/S0031-9422(01)00049-8
https://doi.org/10.1007/s00468-014-1107-x
https://doi.org/10.1007/s00468-014-1107-x
https://doi.org/10.1046/j.0016-8025.2002.00931.x
https://doi.org/10.1046/j.0016-8025.2002.00931.x
https://doi.org/10.1093/treephys/tps078
https://doi.org/10.1093/treephys/tps078
https://doi.org/10.1111/nph.12772
https://doi.org/10.1111/nph.12772
https://doi.org/10.1111/j.1469-8137.2012.04276.x
https://doi.org/10.1111/j.1365-3040.2007.01696.x
https://doi.org/10.1111/j.1365-3040.2007.01696.x
https://doi.org/10.1111/pce.12317
https://doi.org/10.1111/pce.12317
https://doi.org/10.1002/rcm.7995
https://doi.org/10.1002/rcm.7995

