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Abstract
Isotope ratios of tree-ring cellulose are a prominent tool to reconstruct paleoclimate and plant responses to environmental 
variation. Current models for cellulose isotope ratios assume a transfer of the environmental signals recorded in bulk leaf 
water to carbohydrates and ultimately into stem cellulose. However, the isotopic signal of carbohydrates exported from leaf 
to branch may deviate from mean leaf values if spatial heterogeneity in isotope ratios exists in the leaf. We tested whether the 
isotopic heterogeneity previously observed along the length of a ponderosa pine (Pinus ponderosa) leaf water was preserved 
in photosynthetic products. We observed an increase in both sugar and bulk tissue δ18O values along the needle, but the 
increase in carbohydrate δ18O values was dampened relative to the trend observed in leaf water. In contrast, δ13C values of 
both sugar and bulk organic matter were invariant along the needle. Phloem-exported sugar measured in the branch below 
the needles did not match whole-needle values of δ18O or δ13C. Instead, there was a near-constant offset observed between 
the branch and needle sugar δ13C values, while branch δ18O values were most similar to δ18O values observed for sugar at 
the base of the needle. The observed offset between the branch and needle sugar δ18O values likely arises from partial iso-
tope oxygen exchange between sugars and water during phloem loading and transport. An improved understanding of the 
conditions producing differential δ13C and δ18O isotope effects between branch phloem and needle sugars could improve 
tree-ring-based climate reconstructions.
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Introduction

Tree-ring archives have been widely used to reconstruct 
ecosystem responses to environmental extremes such as 
drought, and to reconstruct past climate and fire regimes 
(D’Arrigo et al. 2001; Cook et al. 2010; Babst et al. 2014; 
Williams et al. 2020). While initial studies on tree-ring 
archives focused on physical properties of the wood, such 
as ring widths or density, carbon and oxygen isotope ratios in 
tree-ring cellulose provide additional process-level informa-
tion (McCarroll and Loader 2004; Gessler et al. 2014). Tree-
ring oxygen isotope ratios have been used to reconstruct cli-
mate variables such as temperature, precipitation, or vapor 
pressure deficit (e.g., Libby et al. 1976; Danis et al. 2006; 
Treydte et al. 2006; Roden and Ehleringer 2007; Sidorova 
et al. 2009; Kahmen et al. 2011), while tree-ring carbon 
isotope ratios have been used to reconstruct variations in 
intrinsic water use efficiency (e.g., Saurer et al. 2014; Frank 
et al. 2015; Mathias and Thomas 2021). The wide range of 

Communicated by Christiane Roscher.

 *	 Richard P. Fiorella 
	 rfiorella@lanl.gov

1	 Department of Geology and Geophysics, University of Utah, 
Salt Lake City, UT 84112, USA

2	 Global Change and Sustainability Center, University of Utah, 
Salt Lake City, UT 84112, USA

3	 School of Biological Sciences, University of Utah, 
Salt Lake City, UT 84112, USA

4	 Department of Ecology and Evolutionary Biology, University 
of Arizona, Tucson, AZ 85721, USA

5	 Laboratory of Tree Ring Research, University of Arizona, 
Tucson, AZ 85721, USA

6	 Present Address: Earth and Environmental Sciences 
Division, Los Alamos National Laboratory, Los Alamos, 
NM 87545, USA

http://orcid.org/0000-0002-0824-4777
http://orcid.org/0000-0002-4097-9140
http://orcid.org/0000-0001-6551-3331
http://orcid.org/0000-0002-7671-4371
http://orcid.org/0000-0003-2050-3636
http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-022-05121-y&domain=pdf


358	 Oecologia (2022) 198:357–370

1 3

applications for stable isotope ratios of tree rings has moti-
vated substantial interest in their use, but their utility can 
be expanded through a more comprehensive knowledge of 
the environmental factors that drive spatial and temporal 
variability (Reynolds-Henne et al. 2007; Gessler et al. 2013; 
Treydte et al. 2014; Cheesman and Cernusak 2016).

Models of tree ring-climate interactions predict how iso-
tope ratios track environmental signals from leaf water to 
tree-ring cellulose (Farquhar et al. 1989; Saurer et al. 1997; 
Roden et al. 2000; Barbour and Farquhar 2000; Gessler et al. 
2014), with the carbon isotope ratios of C3 photosynthetic 
products varying in response to changes in the ratio of the 
atmosphere-to-leaf CO2 mole fraction (e.g., Farquhar et al. 
1989). Prior studies tracing the isotopic signal of recent 
photosynthates to tree-ring cellulose have noted that varia-
tions in leaf-level δ13C are often attenuated, perhaps associ-
ated with mixing between photosynthates of different ages 
(Brandes et al. 2006; Gessler et al. 2009; Offermann et al. 
2011). Moreover, δ13C values of sugars exported from the 
leaves that are used in tree-ring cellulose construction may 
be offset from their initial values as a result of post-photo-
synthetic fractionation associated with processes, such as 
construction and breakdown of transitory starch (Brandes 
et al. 2006; Gessler et al. 2008), lignin and lipid metabolism 
(Benner et al. 1987; Hobbie and Werner 2004), respiration 
and bark photosynthesis (Cernusak and Marshall 2000; Cer-
nusak et al. 2001), and phloem loading and mixing (Offer-
mann et al. 2011; Gessler et al. 2014; Bögelein et al. 2019).

In contrast, the oxygen isotope ratio of leaf sugars is 
primarily determined by the δ18O values of the leaf water 
with an offset of ~ 27‰ (Sternberg et al. 1986; Cernusak 
et al. 2003; Lehmann et al. 2017). When these sugars are 
used to build cellulose, a fraction of their oxygen atoms will 
exchange with the surrounding xylem water. The extent of 
exchange is thought to be controlled by the fraction of sugars 
that cycle between hexoses and trioses prior to incorporation 
into cellulose (Hill et al. 1995; Barbour and Farquhar 2000; 
Cheesman and Cernusak 2016). These fractionation and 
exchange processes are commonly modeled using an empiri-
cal formula relating to the enrichment of 18O above source 
water (∆18Ox = (�18Ox − �

18Osource)∕(1 + �
18Osource∕1000) ) 

between leaf water (∆18OL) and plant cellulose (∆18Ocellulose) 
(e.g., Barbour 2007):

where pex is the fraction of oxygen atoms in sugars that 
exchange with local water, px is the proportion of local water 
that has not been evaporatively enriched, and �wc is the oxy-
gen isotope fractionation during cellulose biosynthesis. The 
pexpx term is a ‘damping factor,’ and reflects the exchange 
process that prevents full expression of ∆18OL variability in 
cellulose (Cheesman and Cernusak 2016).

Δ18Ocellulose = Δ18OL

(

1 − pexpx
)

+ �wc

An implied assumption in these models is that leaf-
exported assimilates reflect the mean δ18O values measured 
in leaf water. However, progressive enrichment of heavy 
water isotopologues–or the tendency of δ18O to increase 
along with the leaf and away from veins–has been described 
many angiosperm and gymnosperm species (Helliker and 
Ehleringer 2000; Farquhar and Gan 2003; Šantrůček et al. 
2007; English et al. 2007), including pines (Shu et al. 2008; 
Kannenberg et al. 2021). These leaf water isotope ratio het-
erogeneities may introduce spatial variations into leaf sugar 
δ18O values that may not be fully reflected in the phloem.

Within the past decade, several studies have noted that 
phloem-exported sugars may have δ18O values lower than 
expected based on whole-leaf mean isotope ratios (Offer-
mann et al. 2011; Gessler et al. 2013; Treydte et al. 2014). 
Where this decoupling between leaf and branch isotope 
ratios occurs, the portion of the tree-ring signal related to 
leaf-level processes may be attenuated, potentially influenc-
ing the interpretation of environmental variation recorded in 
tree-ring chronologies. This study links water and soluble 
organic matter in needles, building on the observations of 
significant needle water 18O enrichment along the length 
of conifer needles (Kannenberg et al. 2021). We quantified 
seasonal trends in the concentrations and stable isotope 
ratios (δ18O and δ13C) of bulk leaf organic matter, sugar, 
and α-cellulose along the length of needles of ponderosa 
pine (Pinus ponderosa), an ecologically important and wide-
spread western US conifer that is commonly used in climate 
reconstructions (Leavitt et al. 2002; Watson and Luckman 
2002; Szejner et al. 2016; Martin et al. 2020). We hypoth-
esize that sugar δ13C values will be homogenous over the 
leaf (reflecting similar ci/ca values), but that sugar δ18O val-
ues will express the progressive enrichment observed in leaf 
water δ18O. We also hypothesize that cellulose δ13C and 
δ18O values will be homogenous across the leaf, reflecting 
a common substrate for cellulose synthesis during needle 
expansion from the base.

Materials and methods

Study site, sample collection and preparation

Samples were collected from five P. ponderosa individuals 
at the base of a southern-aspect slope in Big Cottonwood 
Canyon, near Salt Lake City, UT (40.6° N, 111.6° W). The 
mean annual temperature of the site is 5.7 °C, and annual 
precipitation averages 999 mm (PRISM 1981-2010 climate 
normals, Daly et al. 2008). Temperature and precipitation 
at the site are highly seasonal, with mean summer (JJA) 
temperatures of 16.5°. Moreover, only 10% of annual pre-
cipitation falls during JJA, with 67% of annual precipitation 
falling mostly as snow between November and April.
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The most distal sections of three branches were cut from 
the tree at midday (between 12 and 2 pm local time) on four 
days during 2019: February 19, June 21, July 23, and Sep-
tember 14. Samples were placed in a cooler containing dry 
ice until they could be transported back to the lab, where they 
were kept frozen at − 20 °C until processed further. Needles 
from the prior year were segmented into thirds lengthwise, 
microwaved at 700 W for 80 s to inactivate enzymes and 
oven-dried at 60 °C for two days. A ~ 5 cm-long segment 
of the branch immediately adjacent to the sampled needles 
was also microwaved and dried in the same manner as the 
needles. Sampled branch segments were ~ 2 cm in diameter. 
After drying, the bark and phloem were separated from the 
xylem with a razor. Needle and branch bark/phloem samples 
were ground in a Retsch ball mill for 30 s at 30 Hz.

Leaf and xylem water isotope ratios were collected con-
currently in June and September (Kannenberg et al. 2021). 
Leaf and xylem samples were placed into 20 mL vials and 
kept on dry ice in a cooler while in the field, and then trans-
ferred to a − 20 °C freezer when back at the lab. Xylem 
samples were collected from the trunk using an increment 
borer. Water was extracted from leaf and xylem samples 
using cryogenic distillation until complete; leaf samples 
were extracted for > 60 min while stem xylem samples were 
extracted for > 90 min (West et al. 2006). Further details of 
the water extraction are given in Kannenberg et al. (2021).

Determination of sugar and starch concentrations

Sugar and starch concentrations (% dry weight)—collec-
tively referred to as non-structural carbohydrates (NSC)—
were determined colorimetrically (Landhäusser et al. 2018). 
Sugars were extracted from ground samples in 80% ethanol, 
oxidized with a phenol–sulfuric acid solution in duplicate, 
and solution absorbance measured at 490 nm on a Thermo 
Scientific Genesys20 visible spectrophotometer. Starch was 
extracted from the remaining solid sample using sequential 
enzymatic digestion using α-amylase and amyloglucosidase. 
The supernatant after enzymatic digestion was mixed with 
perioxidase-glucose oxidase (PGO) reagent in duplicate and 
sample absorbance measured at 525 nm. More detailed pro-
tocols for these methods are found in the supporting infor-
mation of this article and in Landhäusser et al. (2018).

Cellulose preparation and extraction

Needle segments were ground to a size fraction between 
35 and 60 mesh using a mortar and pestle, as the ball mill 
technique would produce too fine a powder for subsequent 
extraction. Branch cellulose was obtained by similarly grind-
ing xylem from a section of branch immediately adjacent to 
the needle samples. For each sample, ~ 250 mg of ground 
material was loaded into packets made from ANKOM F57 

filter bag material (ANKOM Technology; Macedon, NY). 
Non-cellulosic components were removed from samples 
sequentially following established methods (Leavitt and 
Danzer 1993; Loader et al. 1997; Rinne et al. 2005; Boett-
ger et al. 2007). Briefly, sugars and other water-soluble 
compounds were removed by boiling the sample in deion-
ized water for 1 h, after which the samples were dried at 
60 °C overnight. Lipids, resins, and other non-polar com-
pounds were removed using Soxhlet extraction in a 2:1 
toluene:ethanol solution for 48 h, and then 95% ethanol 
for 24 h. After Soxhlet extraction, samples were deligni-
fied using an acidified sodium chlorite solution at 70 °C for 
2–3 days until samples had turned white. The samples were 
washed and boiled in deionized water to remove any remain-
ing sodium chlorite and dried at 60 °C overnight. Finally, 
hemicelluloses were removed by soaking the samples in a 
17% sodium hydroxide solution for 1 h and then neutralized 
by soaking samples in a 10% glacial acetic acid solution for 
an hour. Samples were dried in a 60 °C oven overnight and 
weighed upon removal from the sample bags to estimate the 
cellulose mass fraction.

Determination of isotope ratios in bulk, cellulose, 
and sugar fractions

Samples for bulk and cellulose fractions were loaded directly 
into tin (for δ13C) and silver (for δ18O) capsules for iso-
topic analysis after drying at 60 °C for 48 h. Sugar samples 
were isolated using a procedure similar to Brugnoli et al. 
(1988). Roughly 40 mg of bulk needle or phloem material 
was combined with 1.75 mL of cold (2–8 °C) deionized 
water and kept at 4 °C for an hour. Samples were centrifuged 
at 10,700 rpm for 1 min and the supernatant was passed 
through stacked 5 mL pipette tips containing anionic and 
cationic exchange resins to remove charged water-soluble 
compounds that had been co-extracted with the sugars. 
The upper pipette tip contained DOWEX-50WX8 cation 
exchange resin (H+ form, 50–100 mesh), while the lower 
pipette tip contained DOWEX-1X8 anion exchange resin 
(Cl− form, 50–100 mesh). The columns were washed with 
8 mL of deionized water to ensure complete elution of dis-
solved sugars, and all eluted liquid was collected in 15 mL 
conical tubes. Samples were then frozen and lyophilized and 
dissolved in 500 µL of deionized water. Small quantities of 
this solution (10–30 µL) were added to pre-weighed tin (for 
δ13C) or silver (for δ18O) capsules. Loaded samples were 
then frozen and lyophilized and the process was repeated 
until at least 100 µg (300 µg) of material remained in the 
silver (tin) capsules to ensure sufficient signal.

δ13C values were determined using EA-IRMS with a 
Thermo Finnigan Delta Plus XL coupled to a Costech EA 
4010 via a Thermo Finnigan ConFlo III. A Zero Blank 
autosampler from Costech was used to drop individual 
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samples into the oxidation column. The helium flow rate 
was set at 90 mL/min. Internal reference materials were 
two glutamic acids with different carbon isotope ratios 
and spinach leaves, all calibrated against the USGS40 and 
USGS41 glutamic acid standards. δ18O values of solid 
samples were determined using the glassy-carbon pyroly-
sis method of Gehre and Strauch (2003) with a high-tem-
perature elemental analyzer (Thermo Finnigan) coupled 
to a ConFlo III (Thermo Finnigan) referencing interface 
and a DeltaPlusXL isotope ratio mass spectrometer (TC/
EA-IRMS, all supplied by Finnigan MAT; Bremen, Ger-
many). δ18O values were calibrated to the VSMOW scale 
using three benzoic acid standards, each having a dif-
ferent oxygen isotope ratio. Measurement precision of 
quality control standards were < 0.4‰ (SD) for oxygen 
and < 0.2‰ (SD) for carbon.

Statistical analyses

All data analyses were performed using R, version 4.1.1 
(R Core Team 2021). Pairwise differences in mean 
concentrations or isotope ratios were determined using 
repeated-measures analysis of variance (ANOVA), with P 
values adjusted for multiple comparisons using the Bon-
ferroni correction. Data were plotted using the ggplot2 
package (Wickham 2016).

Results

Bulk isotope ratio patterns

Bulk needle δ13C and δ18O values varied over the grow-
ing season, but differences along the needle were more pro-
nounced in δ18O than in δ13C (Fig. 1). Bulk δ13C values 
were greater in February than in June or July in all needle 
segments (P < 0.05, Fig. 1a), except for at the needle tip in 
July (P = 0.102). June and July δ13C values could not be 
distinguished in any needle segment. Gradients along the 
needle in δ13C values were either not significant or were 
small. For example, a ~ 1‰ gradient in δ13C values of bulk 
tissue was observed in February and June. Basal δ13C values 
were higher than those in the middle and tip in February 
(P < 0.001) and were higher in the needle base than the tip 
in June (P < 0.002). No pairwise differences in δ13C val-
ues were observed along the needle in July or September 
(P > 0.11).

In sharp contrast, differences across needle segments 
in bulk δ18O values were prominent (Fig. 1b). The bulk 
δ18O values of base, middle, and tip segments were statisti-
cally distinct at all four measurement periods (P < 0.0001, 
Fig. 1b), with base-to-tip differences ranging from ~ 9‰ 
(February) to ~ 14‰ (September). At the needle tip, δ18O 
values were significantly greater along each progressive 
measurement period by 1–2‰ (P < 0.058, Fig. 1b), while 
basal δ18O values varied little in June, July, and September, 
but were lower than in February (P < 0.0001).
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Seasonal changes in carbohydrate δ13C and δ18O 
values

δ13C values of needle cellulose were generally higher than 
sugar δ13C values (Fig. 2ab), which is consistent with prior 
studies (e.g., Bowling et al. 2008). Driving the bulk δ13C 
variations were changes in median sugar δ13C values, which 
were higher in February and September than in June or July 
(Fig. 2a). Sugar δ13C values were lower in the branch phloem 
than in the needle (P < 0.001) for all time periods. Along the 
needle, no significant differences were observed, with the 
exception that February base δ13C values were greater than 
in more distal sections of the needle (P < 0.003). Compared 
to sugar δ13C values, cellulose δ13C values exhibited less 
seasonal variation (Fig. 2b). Along-needle trends in cellu-
lose δ13C values were observed in February and July cel-
lulose, where δ13C values were greater than in the needle 

midsection and tip (P < 0.03). No along-needle cellulose 
δ13C trends were observed in June and September (P > 0.12).

In contrast, sugar δ18O values consistently exhibited pro-
gressive enrichment along the needle (Fig. 2c) as all pair-
wise sugar δ18O differences across needle segments were 
significant (P < 0.0001, Fig. 2c). In the basal and middle 
sections of the needle, sugar δ18O values were largest in 
February and September, while at the tip the highest val-
ues occurred in July (Fig. 2c). This enrichment trend was 
strongly dampened in needle cellulose δ18O values (Fig. 2d), 
which were all within 5‰ across all sample types and times 
(Fig. 2d). A small gradient in δ18O values of 1–2‰ persisted 
in cellulose, with tip values being larger than middle sec-
tion values in all months (P < 0.04) and larger than basal 
values in June (P < 0.0001) and July (P = 0.004). Cellulose 
δ18O was higher in the needle than in the branch by ~ 7–10‰ 
(Fig. 2d).
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Relative to needle sections, sugar δ18O values in the 
branch exhibited less variability. Branch sugar δ18O values 
were higher in June than in July (P = 0.02), but all other 
pairwise comparisons across time in branch sugar δ18O val-
ues were not significant. All pairwise differences between 
needle and branch δ18O values were significant (P < 0.0007, 
Fig. 2c), except between the branch and needle base in June 
(P = 0.06). Progressive enrichment varied by season, from a 
branch-needle tip difference of ~ 15‰ in February to nearly 
25‰ in July.

Seasonal changes in carbohydrate abundances

In addition to changes in component compound isotope 
ratios, the observed seasonal changes in bulk δ13C and δ18O 
values could have been driven by changes in carbohydrate 
abundances within a needle. Sugar and starch abundances 
exhibited opposing trends during the growing season, and 
seasonal variations in these components were larger than 
any potential deviations along the needle. Leaf soluble sugar 
concentrations were higher in February (~ 13% w w−1) than 
in June and July in all segments (6–10% w w−1, P < 0.0001, 
Fig. 3a). July median sugar concentrations (~ 10–12% w 
w−1) were greater than June median sugar concentrations 
(~ 6–8% w w−1), but this difference was not significant 
(P > 0.72). September needle sugar concentrations were 
lower than in February (P < 0.01), but larger than in June 
(P < 0.004, Fig. 3a). In the branch, sugar concentrations 
were higher in February and September than in June and 
July (P < 0.03); however, February and September values 
were not significantly different from each other, nor were 
June or July values (P = 1.0). Along the needle, no distinct 
variations in sugar concentrations were observed (P > 0.21). 
Branch sugar concentrations were lower than in the needle in 

February (P < 0.001) and July (P < 0.01), and in the needle 
middle and tip in September (P < 0.0003).

Needle starch concentrations were below the detection 
limit in February, rose to 5–10% (w w−1) in June, and then 
decreased to 1–3% (w w−1) for July and September (Fig. 3b). 
June needle starch concentrations were significantly higher 
than at all other time periods (P < 0.001). February, July, 
and September needle starch concentrations were not sig-
nificantly different (P > 0.06). Branch starch concentrations 
were also higher in June than in any other period (P < 0.001), 
and July starch concentrations were higher than February 
starch concentrations (P < 0.03). No significant differences 
were observed along the needle in starch concentrations 
(P > 0.36), though values were significantly higher than in 
the branch in September (P < 0.05).

The α-cellulose mass fraction was highest in February 
and June (~ 17% w w−1) before falling to ~ 14–15% in July 
and ~ 10% in September (Fig. 3c). Needle cellulose percent-
ages in February and June were indistinguishable (P = 1.0) 
but were larger than in September (P < 0.003). July needle 
cellulose percentages were significantly lower than in Feb-
ruary and June, and significantly higher than in September 
at the tip (P < 0.03). No significant differences in cellulose 
fraction along the needle were observed during any collec-
tion period (P > 0.28).

Relationships between branch and leaf sugar ∆18O 
and δ13C values

A positive but variable correlation was observed between 
branch and whole-leaf (e.g., averaged across the leaf) sugar 
δ13C and ∆18O values (Fig. 4a, b, Table 1), but no signifi-
cant relationship between branch sugar ∆18O and leaf water 
∆18O values was observed (Fig. 4c). Similar relationships 
were observed when δ18O values were used instead of ∆18O 
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values, as xylem water isotope ratios only varied by ~ 2–3‰ 
throughout the observation period (Kannenberg et al. 2021). 
Over the season, δ13C values in-branch sugar were positively 
correlated with those in the leaf (Fig. 4a, Table 1, r = 0.694, 
P < 0.001). The strength of the coupling between the branch 
and leaf sugar varied throughout our measurements, with 
the strongest coupling observed in June (Fig. 4a, Table 1, 
r = 0.717, P = 0.02). In contrast, the slope of the relationship 
between branch and whole-leaf sugar ∆18O values was not 
significant in June and reached a maximum of 1.28 ± 0.39 in 
July (r = 0.755, P = 0.012) before decreasing to 0.91 ± 0.37 

in September (Fig. 4b, Table 1, r = 0.678, P = 0.004). We 
did not observe any significant correlation between branch 
sugar ∆18O and leaf water ∆18O values in any study period 
(Fig. 4c, Table 1, P > 0.07).

Within needle variations in sugar and leaf water 
∆18O

The relationship between midday sugar and leaf water ∆18O 
varied across the needle (Fig. 5). Sugar exhibited ∆18O val-
ues ~ 30‰ greater than leaf water ∆18O values in the basal 
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Table 1   Seasonal variations in 
carbon and water isotope ratios 
between branch and leaf across 
leaf water and sugars

Regressions significant at the P = 0.05 level are printed in bold

Slope Intercept P value Correlation

δ13C, branch and whole-leaf sugar
 February 0.49 ± 0.25 − 14.87 ± 6.00 0.068 0.483
 June 0.89 ± 0.31 − 4.33 ± 8.20 0.020 0.717
 July 0.31 ± 0.16 − 19.59 ± 4.09 0.086 0.569
 September 0.32 ± 0.46 − 19.26 ± 11.51 0.51 0.253
 Pooled—all data 0.53 ± 0.08 − 14.01 ± 2.12  < 0.001 0.697

∆18O, branch sugar and leaf water
 June 0.52 ± 0.26 26.04 ± 6.59 0.078 0.582
 September − 0.09 ± 0.56 38.59 ± 15.53 0.88 − 0.057
 Pooled—all data − 0.12 ± 0.21 41.12 ± 5.74 0.55 − 0.113

∆18O, branch and whole-leaf sugar
 June 0.15 ± 0.46 31.75 ± 22.90 0.75 0.117
 July 1.28 ± 0.39 − 27.01 ± 19.85 0.012 0.755
 September 0.91 ± 0.37 − 9.40 ± 18.48 0.004 0.678
 Pooled—all data 0.95 ± 0.30 − 10.00 ± 15.12 0.004 0.519

∆18O, sugar and water in segments
 June 0.57 ± 0.01 34.10 ± 0.44  < 0.001 0.991
 September 0.40 ± 0.02 37.26 ± 0.65  < 0.001 0.973
 Pooled—all data 0.46 ± 0.02 36.34 ± 0.57  < 0.001 0.962
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section, decreasing to ~ 18–22‰ in the middle section 
(Fig. 5a). In the needle tip, sugar ∆18O values were ~ 15‰ 
greater than leaf water values during June, but only ~ 7‰ 
greater on average in September (Fig. 5a). Segment ∆18O 
sugar and leaf water values were highly correlated (Fig. 5b), 
with a regression slope less than one (Table 1). The lower-
than-unity slope indicates that midday leaf water enrich-
ment is damped during incorporation into photosynthetic 
products.

Discussion

Phloem sugar isotope ratios may not reflect 
whole‑needle averages in ponderosa pine

Our results are consistent with previous studies that found 
evidence that sugars in the phloem had a lower oxygen iso-
tope ratio than observed in leaves (Offermann et al. 2011; 
Gessler et al. 2013; Treydte et al. 2014). These findings chal-
lenge our understanding of the extent to which climatic vari-
ations recorded in the δ18O values of tree-ring cellulose arise 
from leaf-level water enrichment compared to variations in 
source water δ18O values. Gessler et al. (2013) suggested 
that the offset between phloem and leaf sugar values can 
be related to oxygen isotope exchange during phloem load-
ing and transport, as well as contributions from sugars fixed 
by bark photosynthesis (e.g., Cernusak and Marshall 2000) 
which would have a ∆18O value of ~ 0‰. Our results suggest 
that leaf-exported assimilates most closely represent sugar 
δ18O values near the needle base in P. ponderosa (Fig. 2c), 
which raises the possibility that sugar may not be equally 
exported from all portions of the needle, and instead might 
be biased toward preferential export from the needle base.

Several factors could contribute to the apparent decou-
pling of phloem sugar ∆18O from leaf-water isotope ratios, 
as observed in this study. First, leaf water oxygen isotope 
ratios are likely to be more dynamic and exhibit greater 
amplitude in the diel cycle than sugar oxygen isotope ratios 
(e.g., Cernusak et al. 2005; Barnard et al. 2007; Gessler 
et al. 2009). As a result, it would be expected that measured 
sugar ∆18O values should reflect a dampening of midday leaf 
water enrichment in our study, since a significant fraction of 
daily assimilation may have occurred in the morning when 
∆18OL was lower.

Additionally, our method of extracting sugar from the 
phloem may promote a further dampening of the leaf-water 
signal. We chose to extract water-soluble compounds from 
ground phloem to maintain a consistent extraction method 
between leaf and phloem and also avoid known issues with 
phloem sugar extraction (Lehmann et al. 2020). However, 
this method may have also extracted water-soluble com-
pounds that were not actively transported in the phloem, and 
therefore isotope ratios may represent a mixture of assimi-
lates of different ages and with different metabolic histories. 
Notably, δ13C and δ18O of sugar alcohols tends to be lower 
in phloem than in leaves (Rinne et al. 2015; Lehmann et al. 
2017). While direct comparisons between phloem and leaf 
sugar alcohols are sparse, it is likely that their concentra-
tion is much higher in leaves (Merchant 2012), which would 
necessitate an even larger difference between phloem and 
leaf sugar δ18O to explain our results.

The temporal signal of leaf-water enrichment recorded by 
phloem-exported sugars may also be influenced by the diel 
cycle of transitory starch buildup and breakdown. Chloro-
plast starch concentrations build during the day and decrease 
over the night. Hydrolysis of transitory starch may promote 
oxygen isotope exchange if intermediate products have an 
exposed carbonyl oxygen, and at a time when ∆18OL may 
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have much lower values than during the day (Barnard et al. 
2007; Gessler et al. 2008). As starch concentrations were 
only measured in midday samples, we cannot quantify the 
magnitude of the starch diel cycle nor its potential to explain 
lower sugar values observed in the branch relative to the 
leaf. However, offsets between the branch and leaf sugar 
∆18O values were larger when starch concentrations were 
lower (Figs. 2c, 3b, 5c) suggesting that the starch diel cycle 
is unlikely to contribute significantly to this offset.

Gessler et al. (2013) found that sugar ∆18O values in the 
phloem remained lower than in the leaf in two pine species 
even after accounting for temporal variations in assimilation 
rates. They concluded that mechanisms related to phloem 
loading, transport and bark photosynthesis may explain the 
offset. There is an alternative explanation that could explain 
both our results and those of Gessler et al. (2013). Sucrose is 
the dominant sugar transported by phloem and does not con-
tain carbonyl oxygen atoms capable of exchange with those 
in the surrounding water. However, sucrose has the potential 
to cycle through successive transformations during transport, 
breaking down to its monosaccharide constituents–glucose 
and fructose–followed by reconstitution to a disaccharide. 
During the monosaccharide phase, up to three of the total 
11 oxygen atoms in the sugar molecule may exchange with 
those in the surrounding water. Since the presence of the 
Casparian strip within pine needles limits the exchange of 
water between the xylem and phloem in the center of the 
needle and the lamina (e.g., Liesche et al. 2011), the water 
present in the central portion of the needle would likely have 
a lower ∆18O value than in the lamina (e.g., Roden et al. 
2015). Thus, oxygen isotope exchange could exchange up to 
3/11 of the total enrichment signal recorded by sucrose syn-
thesis in the mesophyll if two constraints are met: (a) sucrose 
is converted to glucose/fructose during or after transport 
across the Casparian strip, and (b) the water pool interior to 
the Casparian strip has not experienced evaporative enrich-
ment. In principle, this exchange process can only partially 
explain the offset between phloem and needle sugar ∆18O at 
our site. A leaf ∆18O sugar value of 50‰ would correspond 
to a phloem value of 43.7‰, assuming that 3 of 11 oxygen 
atoms had exchanged in isotopic equilibrium with source 
water having ∆18O = 0‰.

The observed differences in our study, however, were 
considerably greater (Figs. 4b, 5c). Moreover, any attenu-
ation of the leaf-water enrichment signal is likely less than 
the theoretical maximum, because progressive enrichment 
observed in leaf water ∆18O requires that water interior to 
the Casperian strip also exhibit an increase in ∆18O along 
the needle (Farquhar and Gan 2003; Shu et al. 2008; Kan-
nenberg et al. 2021). Theoretical models for describing pro-
gressive enrichment in ∆18OL suggest that the difference 
between basal ∆18OL and whole-leaf average ∆18OL should 
increase with decreasing humidity (Helliker and Ehleringer 

2002; Farquhar and Gan 2003; Cernusak et al. 2016), imply-
ing that this effect may be particularly acute in arid or semi-
arid regions such as our study site.

Phloem transport may also contribute to the attenuation 
of the leaf-water ∆18O signal. Transport of sucrose in the 
phloem is ‘leaky,’ with a fraction of sucrose lost along the 
transport pathway (van Bel 2003; De Schepper et al. 2013). 
Most of the leaked sucrose is reloaded into the phloem, but 
continuous loss and reloading may result in the mixing of 
sucrose of different ages, potentially further dampening diel 
climate signals transferred from leaf water to sugars (Bar-
nard et al. 2007; Gessler et al. 2009, 2014; Treydte et al. 
2014). If reloading of the sucrose into the phloem again 
involves glucose and fructose intermediates, the same three 
oxygen atoms in the sucrose molecule can exchange again, 
this time in an environment with an even lower water ∆18O. 
This process may also entrain sugars produced by bark pho-
tosynthesis into the phloem, which would be expected to 
have oxygen isotope ratios 27‰ above the source water 
(∆18O = 0‰) (Sternberg et al. 1986); a value much lower 
than that expected for leaf assimilates. Stem photosynthesis 
has been observed in multiple conifer species (Cernusak and 
Marshall 2000; Berveiller et al. 2007) and appears to be 
highest in newly grown stems. Our samples were not taken 
from newly grown branches, but we cannot rule out contri-
butions from stem photosynthesis either from the sampled 
location in the branch or from newer growth further out on 
the same branch.

In addition to the mechanisms raised in Gessler et al. 
(2013), our results raise the possibility that sugars exported 
from the needle to the branch may be biased toward values 
at the needle base. Some numerical models have suggested 
that sugar export from pine needles may be basally biased 
(Rademaker et al. 2017). However, not all models of phloem 
transport in pine needles arrive at this conclusion (e.g., Ron-
ellenfitsch et al. 2015). Furthermore, 14C labelling studies 
have suggested that sugar translocation speed does not vary 
significantly across the length of individual conifer needles 
(Han et al. 2019), presenting a further challenge to the idea 
of basally biased export (Rademaker et al. 2017). Therefore, 
it seems less likely that offsets between the branch and leaf 
sugar δ18O values arise from preferential export of sugars 
produced at the base of the needle.

Needle cellulose exhibited consistently greater δ18O 
values than observed in the adjacent branch, by ~ 7–10‰ 
(Fig. 2b, d). Curiously, the cellulose δ18O values were sim-
ilar to whole-needle sugar δ18O values (Fig. 2c, d), sug-
gesting that spatial variations in needle δ18O sugars are 
homogenized at some point prior to incorporation into nee-
dle cellulose. Homogenization is limited, however, as sugar 
δ18O values as high as leaf cellulose were never observed in 
the branch. Alternatively, sugars may undergo additional iso-
topic exchange with water in the expanding needle, perhaps 
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during cycling between hexoses and trioses (e.g., Hill et al. 
1995). Given that leaf water δ18O values are enriched rela-
tive to water in the xylem, hexose-triose cycling would 
increase the δ18O values of sugars being incorporated into 
needle cellulose. Models of progressive leaf water enrich-
ment suggest that leaf water isotope ratios are more sensitive 
to atmospheric conditions, and thus more variable, in distal 
portions of the needle, compared to source water. As a result, 
water δ18O values in the vicinity of leaf cellulose biosyn-
thesis near the needle base should be less sensitive to envi-
ronmental variation, perhaps explaining its near-constant 
isotope ratio along the needle, since cellulose synthesis and 
needle expansion occur in the needle base (Kienholz 1934; 
Campbell 1972; Wright and Leavitt 2006). This finding is 
consistent with recent studies in grasses that found that the 
δ18O in cellulose and δ2H of n-alkanes indicated an isotope 
ratio of synthesis water that is lower than bulk leaf value 
(Gamarra et al. 2016; Lehmann et al. 2017). In addition, 
cellulose and sugar δ18O values may be reflecting different 
time periods. For example, substrates used to construct nee-
dle cellulose may have been assimilated during the previous 
growing season.

Carbon isotope ratio differences from branch 
to needles

Branch sugar δ13C values were consistently ~ 2–3‰ lower 
than in the leaf (Fig. 2a). Since no trend in δ13C values was 
observed along the needle, this pattern suggests there is an 
apparent isotopic fractionation process associated with sug-
ars between the needle and the branch. Prior studies investi-
gating δ13C values in leaves and the nearby phloem have also 
noted this trend (Gessler et al. 2013, 2014). The observed 
fractionation has been attributed to post-photosynthetic 
metabolism, such as during lignin and lipid biosynthesis 
(e.g., Hobbie and Werner 2004), synthesis and hydrolysis 
of transitory starch (e.g., Brandes et al. 2006), differences 
in respiratory fractionation, bark photosynthesis (Cernusak 
et al. 2009), or compartmentalization and/or mixing of dif-
ferent carbon pools (e.g., Bögelein et al. 2019). Our results 
do not clarify this issue.

Needle cellulose exhibited consistently higher δ13C 
values than observed in the adjacent branch, by ~ 1–3‰ 
(Fig.  2bd). The ~ 1–3‰ offset in δ13C values observed 
between branch and needle cellulose was comparable to 
the difference between branch and needle sugar δ13C val-
ues (Fig. 2a). Since the carbon source for constructing new 
needle cellulose is thought to be derived from carbon stored 
in prior years’ needles (Kozlowski 1964; Dickmann and 
Kozlowski 1968), this pattern suggests that the apparent 
carbon isotope fractionation associated with the transport 
of sugars from the needle to the phloem also occurs as sugars 
are transported into a growing needle. However, a similar 

pattern would be expected if the expanding needle produced 
the sugars used to construct cellulose within the same nee-
dle; our data cannot distinguish between these possibilities. 
Moreover, the slight trend observed in cellulose δ13C values 
along the needle suggests could also arise from either or 
both of these processes.

Implications for interpretations of tree‑ring isotope 
ratios

Oxygen isotope ratios of tree-ring cellulose are often inter-
preted to reflect both the plant’s source water and climatic 
conditions via their influence on leaf-level processes (e.g., 
McCarroll and Loader 2004; Reynolds-Henne et al. 2007; 
Treydte et al. 2007; Saurer et al. 2012; Vitali et al. 2021). 
Our data, consistent with several other studies (Treydte et al. 
2014; Gessler et al. 2014; Cheesman and Cernusak 2016; 
Miranda et al. 2021), suggest the ways through which the 
leaf-water signal is ultimately recorded in wood cellulose 
may be more complicated than expressed in current mod-
els. While Treydte et al. (2014) found reliable relationships 
between climate variations and tree-ring cellulose δ18O, 
they noted that such relations should be strongest in humid 
regions with precipitation maxima during the growing sea-
son. Miranda et al. (2021) reported general consistency with 
model predictions in trends between climate variation and 
tree-ring cellulose δ18O and δ13C along a sharp altitudinal 
gradient in the Canary Islands, even at the least humid sites. 
Other studies, however, have shown that while general trends 
in cellulose isotope values follow large environmental gradi-
ents, the process-based modeling of isotope values through 
the component chains from leaf water pools through sucrose 
to cellulose are not easily resolved (Schmidt et al. 2001; 
Lehmann et al. 2017). Modeling is likely to be confounded 
by species- and tissue-specific dynamics and post-assimila-
tion processes, as well as unique dependencies on the atmos-
pheric environment. Our results highlight the importance of 
resolving how within-needle fractionation gradients transfer 
from leaf water pools to the tree-ring record.

Progressive leaf-water enrichment models suggest that 
the leaf water environment varies weakly with atmospheric 
conditions at the base of the leaf and that leaf water δ18O 
values are far more sensitive to atmospheric changes at the 
leaf tip (Farquhar and Gan 2003; Shu et al. 2008; Kannen-
berg et al. 2021). We suspect that the decoupling between 
whole-leaf and phloem sugar δ18O is most significant in 
arid conditions, as these conditions promote the largest-
magnitude of base-to-tip water δ18O heterogeneities (Hel-
liker and Ehleringer 2002; Farquhar and Gan 2003; Shu 
et al. 2008; Kannenberg et al. 2021). An additional damp-
ing of the leaf water signal was reported in the Barbour 
and Farquhar (2000) model relating leaf-water isotope 
ratios to tree-ring cellulose and can be accounted for by 
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allowing the pex parameter to vary. However, our results 
and the results of prior studies (Offermann et al. 2011; 
Gessler et al. 2013; Treydte et al. 2014) caution that these 
apparent variations in pex may not solely reflect variations 
in the degree of hexose-triose cycling, and that multiple 
physiological processes may instead be responsible.

Conclusions

Models of tree-ring cellulose isotope ratios often rely on 
predictions of whole-leaf water isotope ratios. However, 
spatial heterogeneity in leaf water isotope ratios is com-
mon and could bias these relationships if exported sugars 
do not reflect whole-leaf values. In our study of ponder-
osa pine, we found that branch δ13C and δ18O values in 
exported sugars were distinct from whole-needle values. 
Offsets in sugar δ13C values were fixed and did not vary 
with position in the leaf, but a small along-needle trend 
was observed in cellulose. This effect most likely reflects 
the mixing of multiple carbon pools or effects of post-
photosynthetic metabolism (Hobbie and Werner 2004; 
Brandes et al. 2006; Bögelein et al. 2019), and perhaps 
variations in environmental conditions during needle 
expansion (Wright and Leavitt, 2006). In contrast, needle 
sugar δ18O values expressed a progressive enrichment in 
δ18O from base to tip. We conclude that the origin of this 
gradient in needle sugar δ18O arises from the progressive 
increase in leaf water δ18O during initial sugar synthesis. 
The δ18O of sugars exported from the leaf do not appear to 
reflect whole-leaf averages and instead are most similar to 
sugars at the needle base, in contrast to commonly applied 
cellulose isotope models. This offset between branch and 
needle likely arises from oxygen isotope exchange during 
phloem loading and transport, and may be further aug-
mented in the branch by contributions from stem photo-
synthesis. The presence of oxygen isotope ratio gradients 
in leaf sugars, and the apparent lack of these gradients in 
conifer needle cellulose, presents a new opportunity for 
tracing isotope ratio signals from sugars to their incor-
poration in sink tissues and improving cellulose isotope 
ratio models.
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