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ABSTRACT

Although considerable variation has been documented in
tree-ring cellulose oxygen isotope ratios (δ18Ocell) among
co-occurring species, the underlying causes are unknown.
Here, we used a combination of field measurements and
modelling to investigate the mechanisms behind variations in
late-wood δ18Ocell (δ18Olc) among three co-occurring species
(chestnut oak, black oak and pitch pine) in a temperate
forest. For two growing seasons, we quantified among-species
variation in δ18Olc, as well as several variables that could
potentially cause the δ18Olc variation. Data analysis based on
the δ18Ocell model rules out leaf water enrichment (Δ18Olw)
and tree-ring formation period (Δt), but highlights source
water δ18O (δ18Osw) as an important driver for the measured
difference in δ18Olc between black and chestnut oak.
However, the enriched δ18Olc in pitch pine relative to the oaks
could not be sufficiently explained by consideration of the
above three variables only, but rather, we show that differ-
ences in the proportion of oxygen exchange during cellulose
synthesis (pex) is most likely a key mechanism. Our demon-
stration of the relevance of some species-specific features (or
lack thereof) to δ18Ocell has important implications for isotope
based ecophysiological/paleoclimate studies.

Key-words: among-species variation; pex; stable oxygen
isotope; tree-ring cellulose.

INTRODUCTION

The stable oxygen isotope ratio of tree-ring cellulose
(δ18Ocell) contains valuable information on an array of envi-
ronmental and physiological factors that are at work during
the period of carbon assimilation and cellulose formation.
The rich biotic/abiotic information recorded by δ18Ocell

renders δ18Ocell, a powerful tool for both paleoclimate and
ecophysiological studies. For example, δ18Ocell has been
shown to be a good proxy to a number of climatic/
physiological factors/events including air temperature (Daux
et al. 2011), tree canopy temperature (Helliker & Richter
2008; Song et al. 2011), precipitation (Brienen et al. 2012),
relative humidity (RH; Haupt et al. 2011) and hurricane
activities (Miller et al. 2006).

Using δ18Ocell to reconstruct past climates, or tree physio-
logical responses to climate, requires knowledge of both iso-
topic variation among individual trees within a given species,
and isotopic variation among the species that co-occur at the
site (McCarroll & Loader 2004; Leavitt 2010). While
co-occurring tree species have been documented to exhibit
marked variation in their δ18Ocell (Marshall & Monserud
2006; Richter et al. 2008; Gebrekirstos et al. 2009;
Reynolds-Henne et al. 2009), the underlying mechanisms
behind species-specific affect on δ18Ocell is currently not well
understood. Presumably, such a lack of understanding of
δ18Ocell variability is largely due to the complex involvement
of many environmental and physiological factors in influenc-
ing δ18Ocell, thereby impeding precise identification of the
source(s) of variation.

The mechanistic controls on tree-ring cellulose δ18O can be
partitioned into three primary components: (1) δ18O of
source water (δ18Osw), (2) 18O enrichment of water (Δ18Omes)
at the site of triose phosphate and sucrose synthesis (the leaf
mesophyll cells) and (3) biochemical fractionation processes
that lead to isotopic exchange between organic material and
water. These components form the basis of the currently
widely used mechanistic model for δ18Ocell (Barbour &
Farquhar 2000; Roden et al. 2000):

δ δ ε δ ε18 18 18 181O O O Ocell x ex sw o x ex mes sw o= +( ) + −( ) + +( )p p p p Δ

(1)

where px is the proportion of unenriched xylem water at
cellulose synthesis site, pex is the fraction of oxygen in the
cellulose molecule that exchanges with water at the site
of cellulose synthesis, εo is the biochemical fractionation
factor associated with the exchange of oxygen atoms
between carbonyl group and the tissue water. In practice,
when parameterizing the tree-ring model, two standard
assumptions are often made regarding the model parameters,
as the following regardless of species: (1) pxpex is equal to ca.
0.4 due to px being close to unity (Barbour 2007) and pex close
to 0.4 (Cernusak et al. 2005); and (2) εo is equal to ca. 27‰
(Sternberg & DeNiro 1983; Cernusak et al. 2003). When
Eqn 1 is applied to predict δ18Ocell, the term Δ18Omes is usually
replaced by Δ18O of bulk leaf lamina water (Δ18Olw); such a
treatment is supported by several lines of experimental and
observational evidence obtained from both broad- and
needle-leaved species, for which it was demonstrated that
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Δ18Omes is nearly equivalent to Δ18Olw (Barbour et al. 2000;
Cernusak et al. 2003; Barnard et al. 2007; Gessler et al. 2007;
Gessler et al. 2013).

The tree-ring model (Eqn 1) provides a useful tool for
examining potential sources of variation in δ18Ocell among
co-occurring species. In the context of this model, and under
the above-mentioned two standard assumptions regarding
pex and εo, we hypothesize that there are several variables that
can potentially exhibit considerable variations among
co-occurring species, which in turn may lead to among-
species variation in δ18Ocell. The first variable is δ18Osw. Vari-
ation in δ18Osw among co-occurring species is commonly
observed, primarily because of the among-species difference
in rooting depths and therefore the ability to access soil water
pools of different isotope compositions (Dawson et al. 2002).
The second potential source of variation lies in Δ18Olw. An
examination of the leaf water enrichment theory (see the
Materials and Methods section for more details) indicates
that Δ18Olw variation among co-occurring species is mostly
likely to arise, if there is variation in either of the following
two controlling factors for Δ18Olw: the Péclet effect (hereafter
denoted as f0; Wang et al. 1998; Kahmen et al. 2008; Ellsworth
et al. 2013) and canopy temperature (Tcan) (Cernusak et al.
2007; Brooks & Mitchell 2011). Different species can vary
widely in their tree-ring formation periods (Δt). As seasonal
amplitudes in environmental factors (e.g. δ18Osw or relative
humidity) or tree functional type (deciduous versus ever-
green) can exert controls on δ18Ocell, the phenological differ-
ences in tree-ring formation are therefore likely to contribute
to δ18Ocell differences among species.

In the present study, we investigate the underlying
causes of the variability in δ18Ocell among three co-
dominant, temperate forest tree species (two broad-leaved
deciduous and one needle-leaved evergreen) for two con-
secutive growing seasons. We performed a rigorous in situ
examination of the extent of species-specific variation in
δ18Osw, Δ18Olw (including f0 and Tcan) and Δt, to determine
how these variables contribute to the measured among-
species variation in tree-ring δ18Ocell. Further, the species-
specific data enabled us to fully parameterize the tree-ring
model for each species. By comparing the measurement
with model predictions, we were able to identify additional
sources of δ18Ocell variation that were unaccounted in our
initial hypotheses.

MATERIALS AND METHODS

Field measurements

Study site and species
The study was conducted during the growing seasons of 2010
and 2011 at the United States Department of Agriculture
Forest Service’s Silas Little Experimental Forest, located
in Pemberton Township in the Pinelands National Reserve
of southern New Jersey, USA (elevation: 35 m, latitude:
N 39 °55′, longitude: W 74 °36′). The Pinelands is the
largest continuous forested area on the Northeastern coastal
region comprising more than 4500 km2. The climate is cool

temperate, with a mean annual temperature of 11.5 °C, and an
annual precipitation of 1123 mm.The forest is ca. 90 years old,
consisting of primarily a mixture of oak and pine species in the
overstory.The maximum and mean canopy heights are 18.8 m
and ca. 8 m, respectively (Skowronski et al. 2007; Schäfer
2011).Our study was focused on three dominant species:black
oak (Quercus velutina Lam.), chestnut oak (Q. prinus L.) and
pitch pine (Pinus rigida Mill.). These three species were ideal
for mechanistic study of tree-ring isotope variability for the
following two reasons: (1) a pilot field survey that we con-
ducted in 2009 revealed that the three species were all signifi-
cantly different from each other in δ18Ocell (see Fig. 1); (2) a
difficult-to-constrain parameter of the tree-ring model – the
Péclet effect of leaf water enrichment – has been intensively
studied in all three species in a separate common garden
experiment (see Song et al. 2013 for details).

Meteorological, eddy flux and sap
flow measurements
The meteorological and CO2 eddy flux data used in this study
were obtained from 30 min averaged measurements from
a 19 m Ameriflux tower installed at the centre of the study
area (all data available at http://public.ornl.gov/ameriflux).
Air temperature and RH were measured every 10 s using
a temperature/humidity probe (HMP45C Vaisala Inc.,
Woburn, Massachusetts, USA) (Clark et al. 2012). The CO2

exchange between the forest and the atmosphere (NEE) was
measured by the eddy-covariance technique as detailed in
Clark et al. (2010). Gross primary productivity (GPP) was
estimated from NEE using a standard flux-partitioning pro-
cedure (Reichstein et al. 2005; Papale et al. 2006).

Figure 1. A pilot survey of tree-ring cellulose δ18O signals from
eight tree species co-occurring in the Pine Barrens forest, New
Jersey. Tree-ring cellulose δ18O were analysed from homogenized
samples of the most recent 5-year rings (2005–2009). Data shown
are mean values ± SE from measurements of six to 10 trees per
species. Different letters indicate significant differences between
species, as determined by one-way analysis of variance with a
Turkey’s HSD test.

2170 X. Song et al.

© 2014 John Wiley & Sons Ltd, Plant, Cell and Environment, 37, 2169–2182



Measurements of canopy leaf temperature (Tcan)
and radial growth
Trees subject to Tcan measurements include two black oaks,
two chestnut oaks and three pitch pines. For each selected
individual, the canopy temperature was measured using an
infrared (IR) temperature sensor (model SI-111, Apogee
Instruments Inc., Logan, UT, USA).The sensor was mounted
either on weather towers or a mast pole, pointing at the
canopy of the target tree.The instrument has a 22 ° half angle
field of view, and was mounted about 3 to 6 m above the tree
canopy, thus monitoring about 8.1 to 18.44 m2 canopy leaf
area.All deployed IR sensors were connected to data loggers
(CR1000, Campbell Scientific, Inc., Logan, UT, USA), which
scanned each sensor every 60 s, and recorded sample aver-
ages every 15 min.

One general complication with IR measurement of canopy
temperature is that some non-leaf objects (i.e. tree stems, soil
surface etc.) will be unavoidably included in the target area
of the IR sensor, causing error in canopy temperature meas-
urement. To minimize exposure of non-leaf materials to the
sensor’s field of view, we took the following two approaches:
(1) we specifically selected tree individuals that had relatively
dense canopies to mount the IR sensors; (2) we took effort in
adjusting the position and angle of each sensor to ensure the
canopy area contained within the sensor’s target area was
maximal. In a separate field test that was conducted in the
growing season of 2009 to evaluate the reliability of the IR
sensor method in monitoring canopy leaf temperature, we
measured the canopy of a field-grown tree (Abies balsamea)
with an IR sensor, concomitantly with a network of 20 ther-
mocouples evenly distributed across the canopy. We
employed the above-mentioned two approaches in our setup
of the IR measurement in this field trial.The results show that
throughout the growing season the IR sensor measurements
closely matched mean leaf temperatures of the canopy as
measured by the thermocouple network (Supporting Infor-
mation Fig. S1), thereby giving us confidence in the effective-
ness of using IR sensors for Tcan measurement in our current
study.

In February 2011, we installed spring-loaded, stainless steel
dendrometer bands at the breast height (ca. 1.5 m above
ground level) on five selected tree individuals for each
species.We recorded tree trunk increments from the bands at
approximately biweekly intervals, from March to October of
2011.

Plant material and isotope sampling
Samples were collected on approximately biweekly intervals
during the growing seasons (May to October) of 2010 and
2011. Between 1200 and 1400 h on each collection day, we
used a pole pruner to collect twigs from three randomly
chosen trees of each species. The twigs were excised from
sun-exposed part of the mid-level tree crown, and were used
for collection of leaf and stem samples for isotopic analysis of
tissue water. Leaf material, with (for oaks) or without (for
pitch pine) the mid-vein removed, and approximately
5–10 cm of lignified stem sections were placed and sealed

into separate glass vials. The glass vials were subsequently
stored in a freezer until water extraction. On each collection
day, the atmospheric water vapour for isotope analysis was
collected from the average tree canopy height (ca. 8 m above
the ground level) within the forest. Water vapour was cryo-
genically captured by pumping air through dry ice-ethanol
cold traps at a flow rate of 500 cm3 min−1 (Helliker et al.
2002). Sample collection time usually ranged between 2 and
3 h.

At the end of the 2011 growing season, we sampled tree
cores from tree trunks at the breast height using an incre-
ment borer of 5 mm diameter (Haglof, Langsele, Sweden).
Trees that were radially symmetric were selected for sam-
pling to reduce within-tree variations (Ramesh et al. 1985).
Two cores were collected from each of a total of six trees per
species; one core was used for tree-ring width measurement
and the other for isotope analysis.

Tree-ring width measurement and estimates of
tree-ring formation periods
Tree cores collected for ring width measurement were
sanded to bring up a flat surface with tree-ring boundaries
clearly visible. The cores were scanned into images with a
flatbed scanner at a resolution of 1600 dpi. From these
images, we determined the widths of early-wood, late-wood
for tree rings formed in 2010 and 2011, with the aid of the
software ImageJ 1.45 (Rasband WS, ImageJ; National Insti-
tute of Health, Bethesda, MD, USA).

Measurements taken from the band dendrometers were
converted into cumulative radial growth rates (in % of total
radial growth of the year), which were then averaged into
species-mean values and smoothed out using ‘smooth.spline’
function in R (Offermann et al. 2011). For each species, a
tree-ring growth curve (see Fig. 4) was constructed using the
smoothed data of that species. By combining the constructed
growth curve with the early- and late-wood widths data, we
were then able to estimate the periods during which early-
and late-wood were formed. As dendrometer data were only
available in 2011, we assumed that tree-ring growth
phenology remained similar in the year 2010 as that in the
measurement year (refer to Supporting Information Fig. S4
for a sensitivity analysis of the validity of this assumption).

Sample processing and mass
spectrometry measurements

Tissue water from leaf and stem samples was extracted by
cryogenic vacuum distillation (Ehleringer et al. 2002). Water
samples (0.5 mL) were analysed by equilibration for 48 h in
3 mL Exetainer® vials (Labco limited, Ceredigion, UK) with
10/90 mixture of CO2/He. Four replicates of 100 mL of the
headspace, gas was injected into a Gas Chromatography and
carried in a helium air stream to a Delta Plus isotope ratio
mass spectrometer (Thermo-Finnigan, Bremen, Germany).

Tree cores collected for isotope analysis were cut with a
razor blade into early- and late-wood from each of the rings
formed in 2010 and 2011. Cellulose was extracted from these
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wood samples following the Brendel procedure modified
with an addition of 17% NAOH step (wash) to remove hemi-
cellulose (Brendel et al. 2000; Gaudinski et al. 2005). About
90 to 100 μg cellulose samples were weighed into silver
capsules. For isotope analysis, cellulose samples were
pyrolyzed at 1100 °C in a Costech Elemental analyser
(Costech Analytical Technologies, Valencia, CA, USA). Iso-
topic composition of the evolved CO gas was determined on
a Thermo-Finnigan Delta Plus isotope ratio mass spectrom-
eter, which had a measurement precision of less than 0.23‰
on a standard reference cellulose powder. All cellulose
samples were run in triplicate and data were reported on the
Standard Mean Ocean Water (SMOW) scale.

Isotope theory and model parameterization

Our investigation of tree-ring isotope variability among
species was carried out in the context of the tree-ring mecha-
nistic model, which implicitly assumes that cellulose is
derived from photosynthates synthesized during the current
growing season. However, it is well-known that, particularly
in deciduous tree species, a significant portion of early-wood
tree-ring cellulose can originate from remobilized starch syn-
thesized from the previous growing season(s) (Helle &
Schleser 2004; Kagawa et al. 2006; Offermann et al. 2011).
Current understanding of the timing, magnitude and frac-
tionation effects associated with starch-storage based cellu-
lose formation is in its infancy, thereby preventing the
incorporation of this process into the tree-ring model. As a
result of this, our mechanistic investigation was restricted
only to late-wood tree-ring cellulose, the isotope signal of
which is known to be predominantly controlled by current-
year environmental conditions.

The oxygen isotope composition of late-wood tree-ring
cellulose (δ18Olc) inherently represents a photosynthesis-
weighted average of δ18Ocell signals integrated throughout the
late-wood formation period; or
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where t = t0 and Δt denotes the start and duration of the
late-wood formation period respectively, and GPP serves as a
proxy to photosynthetic rate. δ18Ocell can be expressed by
Eqn 1 as described in the Introduction section.

Using Eqn 1 to calculate δ18Ocell requires that Δ18Olw be
known. Δ18Olw is theoretically related to f0 and isotope enrich-
ment of water at the evaporative site (Δ18Oes), as the follow-
ing (Farquhar & Lloyd 1993):

Δ Δ18
0

18O Olw es= f (3)

As aforementioned, the term f0 specifically refers to the
Péclet effect in the current study, but we note that in some
previous studies that dealt with the leaf or cellulose isotope
models, symbol f or its variants has been used to bear differ-
ent meanings (Saurer et al. 1997; Roden & Ehleringer 1999).

A mathematical expression of the Péclet effect was given
by Farquhar & Lloyd (1993), as the following:
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where ℘ = EL CD (denoted as ‘Eqn 5’); E is the transpira-
tion rate (mol s−1 m−2), L is the scaled effective path length
(m), C is the concentration of water (5.55 × 104 mol m−3) and
D is the diffusivity of heavy water in water [D = 119×10−9

exp(−637/(136.15 + Tcan)) m2 s−1] (Cuntz et al. 2007).
Δ18Oes in Eqn 3 can be predicted by the steady-state Craig-

Gordon model (Craig & Gordon 1965; Flanagan et al. 1991):
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where δ18Owv denotes isotope composition of atmospheric
water vapour; ε+and εk are the temperature-dependent equi-
librium fractionation factor for the water evaporation and
cumulative kinetic fractionation factor of water vapour dif-
fusing out of the leaf, respectively. ea/ei represents the ratio of
ambient water vapour pressure (ea) to pressure of water
vapour saturated at leaf temperature (ei). We used canopy
leaf temperature (Tcan, in °C) to parameterize: (1) ε+, accord-
ing to the equation described by Bottinga & Craig (1969):
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and (2) ei (kPa), through the saturated vapour-pressure and
temperature relationship (Buck 1981):
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εk was calculated as (Farquhar et al. 1989; Cappa et al. 2003):
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where gs and gb are conductance of stomata and boundary
layer, respectively.

In practice, to compute δ18Olc from cellulose synthesized
during a given period, we ran Eqn 2 on a time step of 30 min
over that period. As no photosynthetic activities would occur
in the night, we restricted the model run to daytime hours
only (8 to 17 h).

Running Eqn 2 on 30 min time step would require half-
hourly values for δ18Olw (and consequently δ18Ocell), which in
turn requires half-hourly values for f0 as one of the inputs. To
compute f0 with Eqns 4 and 5, estimates of both L and E are
required. For chestnut oak and pitch pine, we calculated half-
hourly L values from E using the empirical L-E relationships
determined on these two species in Song et al. (2013). It
should be noted that Song et al. (2013) were unable to obtain
a L-E relationship for black oak; we therefore assumed that
black oak bears the same L-E relationship as chestnut oak in
our calculation of L for black oak. For computing E, we used
the following equation: (1/(1/gs + 1/gb)) (ei − ea)/P (denoted
as ‘Eqn 10’), where P is atmospheric pressure (kPa). gs was
estimated using the Lohammar’s function as modified by
Oren et al. (1999):
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g g g e es ref ref i a= − × × −( )0 6. ln (11)

where gref represents stomatal conductance when (ei − ea) is
1 kPa. In a recent study that was focused on the same forest
site as our current study, Schäfer (2011) was able to make
estimations of sap-flux scaled, canopy gref values for black and
chestnut oak under various light regimes in both drought and
non-drought conditions. Here, we used the canopy gref values
obtained from that study to parameterize Eqn 11 for the two
oaks species (0.12 mol m−2 s−1 for chestnut oak and
0.15 mol m−2 s−1 for black oak). As there is no gref estimation
available for pitch pine in the literature, we assumed that
canopy gref was 0.11 mol m−2 s−1 for pitch pine, based on the
estimation made by Oren et al. (1999) for a different pine
species (P. sylvestris) from the temperate biome. Further, for
gb in Eqn 10, we assigned a value of 1.7 mol m−2 s−1 for black
oak, 2 mol m−2 s−1 for chestnut oak and 2.5 mol m−2 s−1 for
pitch pine, following Song et al. (2013) (see Supporting Infor-
mation Fig. S5 for a sensitivity analysis of the effect on gb on
δ18Ocell).

Ideally, for calculating half-hourly δ18Ocell values we would
also need half-hourly δ18Owv values to parameterize Eqn 4.
As δ18Owv measurements at such high resolution were
unavailable in our current study, in the calculation we esti-
mated δ18Owv based on the common assumption that atmos-
pheric water vapour is in isotopic equilibrium with long-term
precipitation water. This assumption, as subsequently evalu-
ated using the δ18Owv data obtained from our biweekly meas-
urements (see the Results section), can be considered to be
generally valid in our study site at the seasonal scale.

Statistical analysis

Both δ18Osw and Δ18Olw data were analysed separately in each
measurement year. Given that tree individuals subjected to
leaf/stem water sampling were randomly selected on each
sampling day and therefore that they were not always the
same individuals across sampling dates, we used a regular
(instead of repeated-measures) two-way analysis of variance
(anova) to test for differences in δ18Osw and Δ18Olw because of
the effects of species, sampling dates and their interactions.
Whereas for the tree-ring data, we applied a repeated-
measures anova to evaluate the effects of species (between-
subject factors), wood-type (late- versus early-wood; within-
subject factors), year (2010 versus 2011; within-subject
factors) and their interactions on tree-ring cellulose δ18O. We
considered individual trees as subjects in this analysis.

RESULTS

Climatic conditions and GPP measurements

The growing season of 2010 was drier than 2011. In 2010,
growing season precipitation amounted to 368 mm, which
was less than half of the precipitation of the 2011 growing
season (754 mm; Fig. 2). The growing season mean air tem-
perature and RH were 22.4 °C and 65.1% for 2010, and
21.8 °C and 70.4% for 2011.

Three drought periods were identified throghout the
growing seasons of 2010 and 2011: DOY (day of year) 182 to
190, 2010 (Fig. 2, labelled as ‘1’); DOY 241 to 253, 2010 (Fig. 2,
labelled as ‘2’) and DOY 152 to 162, 2011 (Fig. 2, labelled as
‘3’). These periods were characterized by episodes of high
temperautre and low RH, combined with little/no precipita-
tion. Climatic constraints as such led to depression of photo-
synthesis and consquently reduction in GPP during these
drought periods. Such GPP reduction was particularly pro-
nounced in drought period ‘1’ and ‘2’ as was shown in Fig. 2g.

Stem water, atmospheric vapour and leaf water

In both measurement years, stem water δ18O (δ18Osw) exhib-
ited significant variation among the species (P < 0.0001 and
P < 0.0001 for 2010 and 2011, respectively) and across the
sampling days (P = 0.002 and P < 0.0001 for 2010 and 2011,
respectively). A Tukey HSD test revealed that the three
species all differed from each other in their δ18Osw values,
with pitch pine having the highest growing season averaged
δ18Osw values (−6.1‰ and −5.9‰ for 2010 and 2011, respec-
tively), black oak the lowest (−8.3‰ and −7.5‰ for 2010 and
2011, respectively) and chestnut oak the intermediate
(−7.3‰ and −6.8‰ for 2010 and 2011, respectively). We did
not detect significant species × sampling date interaction for
δ18Osw in either year (P = 0.13 and 0.19 for 2010 and 2011,
respectively). Nevertheless, a visual inspection of the data
revealed that drought impact was quite evident in pitch pine
δ18Osw, as reflected by the fact that throughout the measure-
ment periods of both years, the three most distinctively
enriched δ18Osw values (−4.5 ± 0.7‰, −4.8 ± 0.6‰,
−4.8 ± 0.5‰) in this species were observed in the drought
periods ‘1’, ‘2’ and ‘3’ respectively; whereas for both chestnut
oak and black oak, distinctions between drought and non-
drought δ18Osw values seem rather small, implying a limited
drought impact on δ18Osw in these two species (Fig. 2a & b).

The measured water vapour δ18O (δ18Owv) ranged from
−18.8 to −13.1‰ and averaged −16.6‰ during the measure-
ment period in 2010; they ranged from −19.9 to −14.3‰ and
averaged at −16.8‰ in 2011 (Fig. 3c & d). Under the assump-
tion that at the seasonal scale 18Owv is in equilibrium with 18O
of amount-weighted annual precipitation water (which is
−8‰ at our study site according to Bowen & Revenaugh
2003) at mean growing season temperature, we estimated a
growing season mean δ18Owv value that is ca. −17.4‰. This
value is close to our measured average δ18Owv in both 2010
and 2011 (Fig. 3c & d).

For both 2010 and 2011, variation in leaf water isotope
enrichment (Δ18Olw) exhibited a significant effect because of
sampling date (P < 0.0001 for both 2010 and 2011, respec-
tively) and species × sampling date interaction (P < 0.0001
for both 2010 and 2011). However, in neither year was a
significant species effect observed for Δ18Olw (P = 0.45 and
0.21 for 2010 and 2011, respectively). For each species, we
also modelled Δ18Olw at each sampling time point using the
leaf water enrichment model as described by Eqn 3 (see the
Materials and Methods section for model parameterization
details). For each species/year combination, we averaged the
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Δ18Olw values as modelled at the various sampling time points
into a single, growing season value, and we compared this
value against the measured Δ18Olw value as averaged across
the same sampling time points.As can be seen from Support-
ing Information Fig. S2, the model described leaf water
enrichment reasonably well across all six species/year
combinations, and the correlation analysis between the meas-
ured and modelled Δ18Olw values resulted in R2 = 0.836
(P = 0.011).

Wood formation phenology

Figure 4 shows the wood formation periods for each species,
as estimated from the dendrometer and tree-ring width data

collected in 2011. Phenology of wood formation was rather
similar for the two oak species, that is they had identical
timing for both wood growth initiation (DOY 98) and cessa-
tion (DOY 243), and only differed by 2 d in the timing for
early-/late-wood transition (DOY 156 for black oak and 154
for chestnut oak). Pitch pine displayed a much later
phenology as compared with the oak species, with its timing
for wood growth initiation, cessation and early-/late-wood
transition being at DOY 111, 257 and 204, respectively.

GPP-weighted mean Tcan and f0

Figure 5a and b show GPP-weighted mean Tcan (Tcan_GPP) for
each IR sensor measured tree, together with GPP-weighted

Figure 2. Meterological and flux data during the growing seasons of 2010 and 2011. (a & b) daytime mean air temperature; (c & d) daytime
mean relative humidity (RH); (e & f) daily sum of precipitation; (g & h) daytime mean gross primary production (GPP). Daytime period is
defined as the period between 8 and 17 h. The three drought periods were denoted by ‘1’, ‘2’ and ‘3’, respectively in the figure.
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ambient air temperature (Tair_GPP). For the sake of comparison,
all values shown in Fig. 5a and b were calculated over the same
portion of the growing season (see legend in Fig. 5 for more
details).Tair_GPP was 27.3 °C in 2010 and 26.9 °C in 2011. In both
years, black oak and chestnut oak had very similar Tcan_GPP

values; for example, in 2010,Tcan_GPP values averaged at 27.2 °C
for chestnut oak (n = 2), and 27.3 °C for black oak (n = 2).
Pitch pine had somewhat lower Tcan_GPP values than the oak
species; the average deviations of pitch pine from chestnut oak
were −0.4 °C in both 2010 and 2011. In either year, GPP-

weighted Tcan − Tair differences were within ±1 °C for all tree
individuals measured, suggesting that all three species’ cano-
pies were well coupled to the ambient atmospheric conditions.

Shown in Fig. 5c and d are the values for GPP-weighted
mean f0 of each species, calculated over the same portion of
the growing season as that for Tcan_GPP. In 2010, GPP-
weighted f0 values spanned a narrow range from 0.77 for
black oak, 0.78 for chestnut oak to 0.81 for pitch pine. Very
similar magnitude of among-species variation was also found
in 2011 (Fig. 5d).

Figure 3. Variations in oxygen isotope compositions in different water pools over the growing seasons of 2010 and 2011. (a & b) oxygen
isotope ratios of source water (δ18Osw) in each of the three study species (n = 3); the three droughts periods over the measurement periods
are denoted by ‘1’, ‘2’ and ‘3’, respectively. (c & d) measured oxygen isotope ratios of atmospheric water vapour (δ18Owv) at the forest canopy
height (n = 1); the horizontal, solid stand for the measured average δ18Owv across the measurement periods and the dashed lines for estimated
growing season mean δ18Owv assuming equilibrium with δ18O of long-term precipitation water. (e & f) oxygen isotope enrichment of leaf
water above the source water (Δ18Olw) in each species (n = 3); note that Δ18Olw of pitch pine was calculated by assuming xylem water
constitutes 5% of total needle water (Barnard et al. 2007). As an example, (e) & (f) also show values for isotope enrichment of water at the
evaporative sites (Δ18Oes) for chestnut oak (filled stars), which were calculated from Eqn 6 for the leaf water sampling periods at midday.
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Tree-ring cellulose δ18O

There was significant among-species difference in tree-ring
cellulose δ18O signatures (P < 0.0001). Regardless of wood-
type, pitch pine had the most enriched δ18O signal among the
three species, whereas black oak had the most depleted signal
and chestnut oak was the intermediate (Fig. 6a). This species

ranking remained the same for both measurement years and
is consistent with the pilot survey results as shown in Fig. 1.
We detected a significant interaction between species and
wood-type (P = 0.0033). Presumably, this is caused by the fact
that early-wood isotope signals tended to be considerably
more depleted than the corresponding late-wood values for
the oak species (see Hill et al. 1995 for a similar pattern in
Q. robur), whereas no such pattern was detected for pitch
pine. As our mechanistic investigation was focused on late-
wood tree-ring cellulose signal (δ18Olc), to better visualize the
species difference, we standardized all δ18Olc values against
the measured δ18Olc average of chestnut oak in each year. As
illustrated in Fig. 6b, when compared against chestnut oak,
black oak was more depleted in δ18Olc by an average of 1.0‰
in both years, whereas pitch pine was more enriched by an
average of 2.94 and 2.69‰ in 2010 and 2011, respectively.

Examining the underlying causes for
among-species δ18Olc variation

We used the tree-ring model as a framework to evaluate how
the measured among-species variation in each of the four
variables (δ18Osw, Tcan, f0, Δt) translates to the measured
among-species variation in δ18Olc (see Fig. 7 legend for more
details).As the results of our model simulation are similar for
both 2010 and 2011, for the sake of brevity, we focus only on
the results in 2010.

For the two oak species, δ18Osw differences led to modelled
δ18Olc differences between black oak and chestnut oak of
−0.93‰ (black bar, Fig. 7a), which was very close to the
observed δ18Olc differences (−1.0‰) between these two
species. In contrast, the magnitude of the modelled between-
species δ18Olc difference caused by Tcan or f0 was small (0.08‰
and −0.11‰, respectively; Fig. 7b & c). When all the three
variables (δ18Osw, Tcan and f0) were accounted for in the mod-
elling, the modelled δ18Olc difference between the two oak
species remained almost unchanged, regardless of whether
or not the small between-species difference in the fourth

Figure 4. Normalized tree-ring growth curves constructed from
the dendrometer measurements on the three tree species (n = 5 for
each species) during the year 2011. The estimated periods during
which early- and late-wood were formed are indicated by
horizontal bars, with grey and black bars representing early- and
late-wood periods, respectively. The dotted, vertical line delimits
the budbreak date for the oak species.

Figure 5. Among-species comparisons of canopy leaf
temperatures (a & b) and f0 (c & d) for 2010 and 2011.
(a & b) GPP-weighted mean canopy leaf temperatures for each
species, and GPP-weighted mean ambient air tempreatures;
(c & d) GPP-weighted mean f0 for each species. To facilitate
comparison, all the values shown in this figure were calculated over
the same time period (between DOY 147 and 236, or the measured
chestnut oak late-wood formation period). For leaf temperature
values in (a) & (b), each bar represents an individual tree.

Figure 6. (a) Values for oxygen isotope ratios of early- and
late-wood cellulose in tree rings formed in 2010 and 2011;
(b) Normalized oxygen isotope ratios of late-wood cellulose (δ18Olc)
for each species. To normalize the data, chestnut oak’s mean δ18Olc

was subtracted from each tree’s δ18Olc value in a given year. Error
bars are standard error of the mean. n = 6 for each species.
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variable – late-wood formation period (or Δt) – was factored
into the modelling (as shown by the black and black, hatched
bars in Fig. 7d).

The results of our model-measurement comparison show
that after accounting for the difference in δ18Osw between
pitch pine and chestnut oak, the modelled δ18Olc value of
pitch pine was only 1‰ more enriched than that of chestnut
oak (gray bar, Fig. 7a), and thus inadequate to explain the
measured, ca. 3‰ enrichment of δ18Olc in pitch pine relative
to chestnut oak. This discrepancy improved only a little if the
between-species differences in δ18Osw, Tcan and f0 were all
taken into account in the modelling (the modelled δ18Olc

difference was 1.2‰, as shown by the gray bar in Fig. 7d), and

worsened if the between-species difference in Δt was further
controlled as an additional source of variation during the
modelling (the modelled δ18Olc difference was 0.6‰, as
shown by the gray, hatched bar in Fig. 7d). Further, our mod-
elling results also show that considering variation in Tcan or f0

alone could only cause the pitch pine to deviate from chest-
nut oak in δ18Olc to a small degree (−0.25‰ for the case of
Tcan, and 0.34‰ for the case of f0).

Direct comparison between the modelled and measured
δ18Olc for each species revealed that when all four variables
(δ18Osw, Tcan, f0 and Δt) were accounted for, the tree-ring
mechanistic model gave good prediction of the measured
δ18Olc for both oak species; yet for pitch pine, the model
performed poorly in that it severely underestimated the
measured δ18Olc by ca. 2.5‰ in both years (Fig. 8a). Such an
unsatisfactory model performance in the case of pitch pine
prompted us to return to the standard model assumptions
regarding pxpex = 0.4 and εo = 27‰; when the model assump-
tions were altered, either by invoking pxpex to be 0.26, or εo to
be 29.4‰, the severe underestimation of δ18Olc by the model
was largely corrected and consequently we arrived at reason-
ably good match between the modelled and measured δ18Olc

for pitch pine (Fig. 8b & c).

DISCUSSION

Among-species variation δ18Osw and its relation
to δ18Olc

The three study species showed consistent differences in
δ18Osw throughout the two growing seasons (Fig. 3a), suggest-
ing the presence of interspecific partitioning of water source
along the soil profile. The relatively enriched δ18Osw in pitch
pine indicates that it is more reliant upon water in upper soil
layers, presumably because of shallower rooting systems.
Consequently, pitch pine δ18Osw signatures were markedly
more enriched during the drought periods when the evapo-
rative enrichment of water in the upper soil layers is greater
(Zimmermann et al. 1967; Hsieh et al. 1998; Jackson et al.
1999). In contrast, drought effect on δ18Osw enrichment was
not noticeable in either black or chestnut oak, suggesting that
these two oak species have limited reliance on water at the
upper soil layers. In general, ring-porous oak species show a
capacity to utilize water deep in the soil profile, owing to their
deep rooting systems (Phillips & Ehleringer 1995; Williams &
Ehleringer 2000; Taneda & Sperry 2008). However, in spite of
this shared ‘deep-rooting’ nature, we found that black and
chestnut oak still differed from each other in δ18Osw, indicat-
ing the potential existence of a further, fine-scale segregation
of their functional rooting depths. As is increasingly realized,
such a segregation of the so-called ‘hydrological niches’ as
defined by rooting depths constitutes an important mecha-
nism for promoting species coexistence at the local scale
(Dawson et al. 2002; Moreno-Gutierrez et al. 2012).

With regard to δ18Olc, we observed that pitch pine was
significantly more enriched than the two oak species
(Fig. 6a). This is in line with the results of our pilot survey
showing that all pines at our study site were similarly more

Figure 7. A sensitivity analysis to evaluate how among-species
difference in δ18Osw (b & g), Tcan (c & h), f0 (d & i), or wood
formation period (e & j) translate into among-species difference in
δ18Olc. The modelled default δ18Olc value of a given year was taken
as being the same as the chestnut oak’s δ18Olc value, which was
modelled by using what we call the ‘default input’ values, or the
values obtained for chestnut oak in this year to parameterize
δ18Osw, Tcan, f0 and Δt. (a to c) and (e to f) examine to what extent
among-species variation in a target variable would cause δ18Olc of
black oak or pitch pine to differ from the default δ18Olc. For this
purpose, in the modelling of δ18Olc of a species in a given year, the
target variable was parameterized with the measured/calculated
species-specific values obtained in this year, while all the other
variables were held to the default input values. For example, when
modelling pitch pine δ18Olc in (a) and (e), δ18Osw was
parameterized with the collected pitch pine δ18Osw data while the
other model variables (i.e. Tcan, f0, and Δt) parameterized with the
default input values (or the chestnut oak’s values). (d) and (h)
specifically illustrate how δ18Olc in black oak or pitch pine would
vary in response to variation in Δt. For this purpose, in modelling
δ18Olc of a given species, δ18Osw, Tcan, f0 were all parameterized with
species-specific values, while the late-wood formation period either
(1) remained to the default period (or the same as that of
chestnut), or (2) was parameterized with the species’ own wood
formation period. In (d) and (h), the modelled δ18Olc values under
scenario (1) and (2) were displayed by the non-hatched and
hatched bars, respectively. The data were normalized by
subtracting the default δ18Olc value from the modelled δ18Olc values
in a given year. The dashed and dotted horizontal lines denote the
measured average δ18Olc deviation of black oak and pitch pine
from chestnut oak, respectively.
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enriched than broad-leaved deciduous tree species (Fig. 1).
Further, our results also agree well with several previous
studies in which needle-leaved pine trees were found to be
more enriched in tree-ring δ18O than co-occurring deciduous
trees, by ca. 2 to 4‰ (Szczepanek et al. 2006;

Reynolds-Henne et al. 2007; Richter et al. 2008; Roden &
Farquhar 2012). While the more enriched pitch pine δ18Olc

relative to the oaks was qualitatively consistent with the
observed δ18Osw difference between these species, our model
analysis showed that δ18Osw accounted for only a small com-
ponent of the pine-oak difference (Fig. 7a & e).This contrasts
with the two oak species, where the observed δ18Olc differ-
ence was primarily attributed to between-species difference
in δ18Osw (Fig. 7a & e).

Leaf-water enrichment could not explain
among-species variation in δ18Olc

Species-level differences in leaf water enrichment of δ18O
have the potential to lead to differences in δ18Olc. Firstly,
there are a number of physiological and biophysical factors
that can lead to leaf temperature (Tcan) differences among
species, which would impact enrichment directly through
ea/ei. Secondly, differences in f0 could impact the isotopic
environment in which sucrose was formed and ultimately
lead to systematic differences in δ18Olc. We did not, however,
observe significant among-species variation in measured
Δ18Olw throughout the growing season in either of the meas-
urement years, suggesting that Δ18Olw played little role in
driving variation in tree-ring isotope signals among species.
Additionally, when weighted by GPP over the same portion
of a growing season, neither of the two controlling factors of
Δ18Olw, – Tcan and f0 – exhibited considerable variation among
the three species (Fig. 5; see Supporting Information Notes
S1 & S2 for more detailed discussion on Tcan and f0 vari-
ations). Consequently, neither Tcan or f0 had any appreciable
effect in mediating among-species variation in δ18Olc, as illus-
trated by the results of our modelling simulation as shown in
Fig. 7. Taken together, we can rule out leaf water enrichment
as the significant driver for the among-species variation in
δ18Olc.

Why are pines more enriched in δ18Olc

than oaks?

The standard assumptions for the cellulose δ18O model are
valid for the oak species, but not for pitch pine. For the two
oak species, the tree-ring model predictions based on the
standard assumptions of pxpex = 0.4 and εo = 27‰ matched
well with observed δ18Olc. In contrast, parameterizing the
model with the same assumptions led to an underestimation
of δ18Olc in pitch pine (Fig. 8a). In order for the model to fully
account for the measured pitch pine signal, there is a need to
alter the model assumptions by either invoking a value of
0.26 for pxpex (Fig. 8b) or a value of 29.4‰ for εo (Fig. 8c). In
the case of pxpex = 0.26, we can easily infer pex to be 0.26 if px

is assumed to be unity. However, previous studies have shown
that px can be somewhat less than unity; that is px was
reported to be 0.95 ± 0.03 for trunk tissue of Eucalyptus trees
in Cernusak et al. (2005). In the absence of any actual meas-
urement of px in our current study, we choose to be conserva-
tive and allow px to vary in a considerable range between 0.85

Figure 8. Comparisons of the measured and modelled δ18Olc. In
(a), values for pex and εo were taken as being 0.4 and 27‰,
respectively in the modelling of δ18Olc of each species. In (b),
model parameterization was the same as in (a) except that a pex

value of 0.26 was used for pitch pine. In (c), model
parameterization was the same as in (a) except that εo was taken
as being 29.4‰ for pitch pine. The ‘customized’ values of pex and εo

for pitch pine in (b) and (c) was chosen because they provided a
best-fit for the measured and modelled pitch pine δ18Olc in each
scenario. The symbols are the same as in Fig. 6a.
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and 1 in our estimates of pex from the ‘pxpex = 0.26’ scenario.
With such a conservative treatment of px uncertainty, we
estimate that the pex value should fall within a range between
0.26 and 0.31 for pitch pine.

The question then arises regarding whether it is pex or εo

representing the true mechanism behind the enriched δ18Olc

signal in pitch pine (relative to the oaks). Our measurement
design did not allow for direct quantification of pex or εo in
pitch pine, which may prevent us from obtaining a definitive
answer to this question. However, an examination of litera-
ture data leads us to conclude that it is unlikely for pitch pine
to have a εo value as high as 29.4‰. In two previous studies
that involved measurement on the congeneric species
P. sylvestris, values of εo, determined as isotopic difference
between needle-leaf water and recent assimilates of leaf,
were found to average at ca. 27.2‰ (Barnard et al. 2007) and
ca. 25.5‰ (Gessler et al. 2013), respectively. Neither of these
values is close to the invoked value of 29.4‰ for pitch pine.
Recently, Sternberg and Ellsworth (2011) have shown
experimentally that εo tends to exhibit a negative relation-
ship with plant growth temperature; using the established εo

and temperature relationship in this study, we infer that
growth temperature would need to be ca. 11.6 °C for εo to
reach a value of 29.4‰. Such a low temperature is consider-
ably less than the growing season ambient temperature (ca.
22 °C when averaged across the growing season) in our study
site; hence considering a temperature effect would also not
help justify the possibility of εo = 29.4‰ in pitch pine in the
current study.

We suggest that invoking a pex value (i.e. 0.26 to 0.31)
different from the commonly assumed value is mostly likely
hold the key to fully explaining the observed pitch pine
δ18Olc. Theory predicts that pex is a function of the propor-
tion (denoted as y) of hexose phosphates that undergo
triose cycling (or futile cycling) during the synthesis of cel-
lulose from sucrose (Farquhar et al. 1998; Barbour &
Farquhar 2000). In spite of the evidence that values of pex

tend to average at ca. 0.4 across a number of species
(Cernusak et al. 2005), recent experimental evidence
obtained from Ricinus communis has revealed the presence
of significant variation in pex, in positive association with the
variation in turnover time (τ) of the carbohydrate pool
available for cellulose synthesis, potentially as caused by the
regulatory effect of τ on y (Song et al. 2014). The interde-
pendence between pex and τ hence renders it possible that
broad- and needle-leaved tree species can have different pex

values, for example, if these two tree types inherently differ
in τ. Such an inherent difference is plausible considering
that broad- and needle-leaved tree species can display sub-
stantial difference in several physiological processes, such as
carbon allocation pattern and radial growth dynamics
(Michelot et al. 2012), and that these processes exert great
control on carbon turnover rate during cellulose synthesis
(Song et al. 2014). Furthermore, we note that our estimated
pex range (i.e. 0.26 to 0.31) for pitch pine is in general agree-
ment with the results from the congeneric species
P. sylvestris, for which pex ranged from 0.2 to 0.42 (Gessler
et al. 2009).

Is there oxygen exchange during phloem
loading and/or transport?

Recent work by Gessler et al. (2013) has shown in several
evergreen species that significant organic oxygen exchange
with source water can take place during phloem transport of
sucrose from the leaf to the site of cellulose synthesis.
However, our δ18Olc data and modelling results do not show
clear evidence for the occurrence of phloem related oxygen
exchange in the evergreen pitch pine trees. We have demon-
strated that under the standard assumption of pxpex = 0.4 and
εo = 27‰, the predictions of the cellulose model were less
enriched in 18O than observed δ18Olc in pitch pine (Fig. 8a). If
we further allow for a certain degree of oxygen exchange
during phloem loading and/or transport (hereafter pex′), then
predicted δ18O values in pitch pine would be even more
depleted than observed δ18Olc. This suggests that oxygen
exchange during phloem transport is not plausible in pitch
pine. Such a suggestion is in contrast with the observation
made in the congeneric species P. sylvestris, where pex′ was
found to be as high as ca. 30% (Gessler et al. 2013). Intri-
guingly, we note that similar inconsistent patterns seem also
present for different evergreen Eucalyptus species. For
example, it was suggested that phloem-related oxygen
exchange is a significant process in Eucalyptus delegatensis
(Gessler et al. 2013); yet no evidence was found for this same
phenomenon to occur in the congeneric species E. globulus
(Cernusak et al. 2005). These discrepant patterns therefore
point to the possibility that oxygen exchange during phloem
transport is not a universal phenomenon for all evergreen
species. In this context, a better understanding of the role of
species characteristics in mediating the transfer of δ18O
signal from leaf to the cellulose synthesis site is clearly
needed.

CONCLUSIONS

Our study demonstrates that the measured, ca. 1‰ differ-
ences in δ18Olc between black and chestnut oak were pri-
marily driven by δ18Osw, but not by variables (Tcan and f0)
operating at the leaf water level (or Δ18Olw per se), nor by Δt
that is operational at the temporal scale. Regarding the sub-
stantially more enriched δ18Olc signals in pitch pine relative to
the oaks, we show that none of the our initially hypothesized
variables (δ18Osw, Δ18Olw and Δt) could account for such a
pattern. Rather, the model-measurement comparison that we
performed suggests that invoking a pex value that is much
lower than the commonly assumed value of 0.4 is mostly
likely necessary to adequately explain the observed δ18Olc

difference between pitch pine and the oak species.
As such, our study provides insights into several aspects of

the mechanistic controls (or lack thereof) on tree-ring
isotope signals in a species-specific context; such insights are
much needed for an enhancement in our working ability to
appropriately parameterize the model in various contexts,
and consequently for an improvement in our confidence in
applying the model to different tree species in future
ecophysiological/environmental studies.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. Canopy temperatures as measured by thermocou-
ples versus by an IR sensor. A 10-m tall balsam fir (Abies
balsamea) tree grown in the Whiteface mountain forest, New
York was chosen for such measurement. Twenty thermocou-
ples were placed evenly across the tree canopy to measure
the average canopy temperatures (y-axis data), which were
compared against canopy temperatures measured by an IR
sensor (x-axis data). The measurements were made continu-
ously from June to September 2008; however, only daytime
temperature data are shown in the figure.
Figure S2. Comparisons of the measured and modelled,
sampling-period averaged Δ18Olw values across the six
species/year combinations. The symbols are the same as in
Fig. 6a.
Figure S3. The species-specific f0-E relationships as shown in
this figure were deduced based on Eqns 4 and 5 using the
species-specific L-E relationships as determined by Song
et al. (2013). Leaf temperature was assumed at 27 °C for cal-
culating diffusivity factor D.
Figure S4. Results for a sensitivity analysis testing the effect
of variations in late-wood formation period (<ι>Δt</ι>) on
δ18Olc for the year 2010. For each species, the default input
values for the late-wood starting and ending days were the
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same as the values empirically determined in 2011. In (a), the
late-wood ending day was held to each species’ default value
while the starting day was independently varied by ± 5 and
± 10 d. In (b), the late-wood starting day was held to each
species’ default value while the ending day was indepen-
dently varied by ± 5 and ± 10 d.
Figure S5. Results for a sensitivity analysis testing the effect
of variations in boundary conductance (gb) on δ18Olc in the

years 2010 (a) and 2011 (b). Default input values of gb were
2 mol m−2 s−1 for chestnut oak, 1.7 mol m−2 s−1 for black oak
and 2.5 mol m−2 s−1 for pitch pine. For each species/year com-
bination, values for gb were independently varied by ± 50%
and ± 100% while all the other variables of the tree-ring
model remained unchanged.
Note S1. Among-species variation in Tcan.
Note S2. Among-species variation in f0.
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