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Introduction

Summary

e Tropical forests substantially influence the terrestrial carbon sink. Their contributions to the
forest carbon sink may increase due to the stimulation of photosynthesis by rising atmospheric
CO, (Cy); however, the magnitude of this effect is poorly quantified for tropical canopy trees.
¢ We measured the ratio of two deuterium isotopomers of glucose derived from tree rings to
estimate how photosynthetic efficiency (photorespiration-to-photosynthesis ratio) has
responded to C, rise at a centennial scale. Wood samples were obtained from Toona ciliata
trees from three climatically distinct forests in Asia and Australia. We applied Bayesian mixed
effect models to test how the isotopomer ratio changes with C,, tree diameter (as a proxy for
crown exposure), temperature, and precipitation.

o Across all sites, long-term C, rise increased photosynthetic efficiency, likely due to increased
photosynthesis and the concurrent suppression of photorespiration. Increasing tree size
reduced photosynthetic efficiency, likely due to reduced leaf internal CO, at higher irradiance
and stronger hydraulic limitation. Associations of photosynthetic efficiency with temperature
and precipitation were inconclusive.

e Our study reveals a centennial-scale association between photosynthetic efficiency and
increasing C, in canopy trees and provides a new and independent line of evidence for C,-
induced stimulation of photosynthetic efficiency in tropical forests.

carbon sink (Bonan, 2008). Understanding the response of tropical
forests to rising C, is therefore relevant, as rising C, may alter these

Rising atmospheric CO, (C,) is rapidly changing the climate of
our planet. C, rise is expected to increase the carbon sink of terres-
trial ecosystems, thereby reducing the rate of climate change. These
expectations are based on the understanding that photosynthesis
increases in response to elevated ambient CO, levels, a phenom-
enon known as CO, fertilization (Walker et 4/, 2020). Photo-
synthesis is the driver of the largest flux of carbon between the
atmosphere and the biosphere (Keenan & Williams, 2018; Ryu
et al., 2019), and the effects of CO, on photosynthesis are studied
from leaf to global levels. Multiple lines of empirical evidence sug-
gest rising C, has likely increased global terrestrial gross primary
production (GPP) (Campbell et al., 2017; Cernusak ez al., 2019;
Walker et al, 2020), by as much as 13.5% between 1981 and
2020 (Keenan ez al, 2023). Tropical forests make up a third of glo-
bal terrestrial GPP (Beer ez al, 2010) and global biomass produc-
tion (Pan et al, 2011), and account for half of the global forest
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contributions. Forests may be particularly responsive to C, rise, as
virtually all tree species use the C5 photosynthetic pathway (Sage &
Sultmanis, 2016; Young ez al, 2020) and rising C, is expected to
have the strongest effect on C; photosynthesis (Lambers &
Oliveira, 2019). A better understanding of C, on canopy trees is
especially important as the upper canopy layer of a forest accounts
for a large fraction of total photosynthesis (Lamour ez al, 2023).
However, experimental evidence for tropical canopy tree responses
to CO, is still missing, as tropical forest free air CO, enrichment
(FACE) experiments have yet to start (Lapola & Norby, 2014;
Rammig & Lapola, 2023).

CO,; fertilization of the C3 pathway works through the enzyme
Rubisco, which can bind CO, (carboxylation), or O, (oxygena-
tion) (Lambers & Oliveira, 2019) (Supporting Information
Fig. S1). Oxygenation is followed by the photorespiratory path-
way, which uses energy and causes carbon loss (Busch, 2020).
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The ratio of the rate of oxygenation (V,) to that of carboxylation
(V.) decreases with increasing CO, concentration in the chloro-
plast (C) (Lambers & Oliveira, 2019). As C_ increases with
increasing C,, rising C, is expected to have reduced the ratio of
photorespiration to photosynthesis for tropical trees at the leaf
level (Fig. 1a). So far, the scarce empirical evidence indicative of
changes in photosynthesis in tropical trees comes from 8'°C iso-
topes measured on tree rings. 8'°C measurements can be used to
infer changes in average leaf internal CO, (G) and tree intrinsic
water use efficiency (iIWUE), which is defined as the ratio of net
photosynthesis to stomatal conductance of water (A4,/g,) (Franks
et al., 2013; van der Sleen e al., 2017). In tropical forests, C; and
iWUE are often found to increase with C, (Pefuelas et 4/, 2011;
van der Sleen ez al., 2015, 2017). The rise in iWUE can be attrib-
uted to increased photosynthesis, decreased transpiration, or a
combination of both. However, iWUE also increases with tree
height, coupled with decreasing C; (Brienen ez al., 2017), which
can be caused by increased photosynthetic drawdown of CO,
due to higher canopy exposure (Farquhar ez al,, 1980, 1982) or
lower stomatal conductance due to hydraulic limitation (McDo-
well er al., 2011). It is thus important to take tree size into
account when studying the role of C, and climate on photosynth-
esis. Based on Cj enzyme kinetics and 8'°C studies, tropical
canopy tree photosynthesis should have increased with C,. Yet,
isotopic studies do not provide direct evidence of changes in
photosynthesis (independent of water processes) with long-term
rising C, in tropical canopy trees.

Next to C,, climatic growing conditions are also expected to
influence the ratio between photosynthesis and photorespiration.
High leaf temperatures are known to decrease photosynthetic effi-
ciency due to a faster decrease in the solubility of CO, vs O,, and a
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decline in Rubisco specificity leading to higher rates of V, com-
pared to V. (Brooks & Farquhar, 1985). These biochemical
changes lead to a proportional increase in photorespiration at high
temperatures (Lambers & Oliveira, 2019). Leaf temperatures of
tropical forest trees are typically high (Doughty ez al, 2023), likely
leading to the high rates of photorespiration as observed in tropical
forests (Doughty, 2011), and increased energy partitioning to
photorespiration with leaf warming (Pons 8 Welschen, 2003). Pre-
cipitation is expected to influence photosynthetic efficiency directly
through its positive association with G (Brienen et 4, 2011), or
indirectly as stomatal closure decreases leaf cooling via transpira-
tion, thereby increasing leaf temperatures (Doughty e al., 2023).
We studied the effects of centennial-scale C, rise and climate on
tropical tree photosynthetic efficiency (the photorespiration-to-
photosynthesis ratio) based on tree rings in three tropical forests
using the isotopomer ratio D6” : DG", hence referred to as DGSR.
DG6SR s the ratio between two isotopomers of glucose that differ in
the position of a deuterium on the sixth carbon (Fig. 1b). The shift
in positions is related to the different enzymes that construct an
intermediary of glucose in the photosynthesis and photorespiration
pathways (Ehlers er al, 2015). DG’ is produced during photore-
spiration and DGR during photosynthesis (Fig. 1b). The D6SR
ratio thus directly reflects the relative rates of photorespiration and
photosynthesis as they occur in the leaf. We refer to the D6SR ratio
as ‘photosynthetic efficiency’, as the changes in photosynthesis vs
photorespiration cannot be separated. Note that a higher photosyn-
thetic efficiency corresponds to a lower value of the DGOSR ratio
(Fig. 1a). The photosynthetic efficiency derived from DG6SR has
been shown to increase in response to CO, in multdple crops and
sphagnum moss under experimental and historical C, rise (Ehlers
et al., 2015; Serk er al, 2021a,b). However, the potential to study
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Fig. 1 Studying long-term C,-induced shifts in photosynthetic efficiency (photorespiration/photosynthesis) using the ratio of D6S and D6R glucose
isotopomers. Rising C, levels decrease the photorespiration-to-photosynthesis ratio (a, left axis), but these are hard to quantify over long historical periods
of C, rise. Shifts in this ratio can be chemically reconstructed from glucose isotopomers: (b) variations of glucose molecules that differ in the position of
deuterium (2H). The ratio between D6S and D6R (a, right axis) reflects the ratio between photorespiration and photosynthesis (a, left axis) and can be
measured on tree rings produced by tropical forest trees to reconstruct long-term shifts in photosynthetic efficiency under centennial-scale C, rise. In the
photorespiration and photosynthesis pathways, deuterium is preferentially incorporated into the D6S and D6R positions of glucose, respectively, leading to

a different molecular structure (b).
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historical changes in the ratio between photosynthesis and photore-
spiration has never been applied to reconstruct the effects of
long-term C, rise on trees.

Using Toona ciliata M. Roem (Meliaceae), an Australasian tro-
pical tree species, we test three hypotheses: (1) C, has increased
photosynthetic efficiency through its positive effects on G
(decreasing the ratio of photorespiration to photosynthesis), evi-
denced by a decrease in the D6SR ratio (Fig. 1a); (2) photosyn-
thetic efficiency decreases with stem diameter, a proxy for tree
height and canopy light exposure, reflected by an increasing
DG6SR ratio; and (3) photosynthetic efficiency decreases with
temperature and increases with precipitation, related to an
increase and a decrease in DGSR, respectively. Additionally, we
use our results to simulate the combined effects of diameter and
C, rise on photosynthetic efficiency. These simulations illustrate
how photosynthetic efficiency may have changed in tropical trees
growing under increasing C, levels over the past century. This
study adds an independent line of evidence to the ongoing dis-
cussion on the effects of C, rise on tree physiology and is the first
to apply the D6SR-based reconstruction of photosynthetic effi-
ciency to study the effects of centennial C, rise in trees.

Materials and Methods

Study sites and study species description

We tested our hypotheses using tree-ring samples of Toona ciliata
M. Roem (Meliaceae), a deciduous tree species distributed in
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Fig.2 Sampling design. (a) The distribution of registered observations of Toona ciliata (crosses; GBIF.org, 2022) and the three sampling locations. (b) The
calendar years (upper x-axis) and C, (lower x-axis) values included in all samples and all sites. Our sampling design aimed to obtain wood at equidistant C,,
if possible. The differing lengths of the bars are due to differences in the rate of C, increase (i.e. short bars before 1960 and longer bars after 1960). For all
samples, 10 yr were pooled except for Bangladesh, where we pooled 7 yr to obtain the minimum of three samples from younger trees. (c, d) Annual
growing season temperature (T4,,), and growing season precipitation for all sites. For boxplots, the central line represents the median, the edges of the
boxes indicate the 25" and 75" percentiles, and the whiskers extend to the 5" and 95" percentiles. Outliers, if present, are shown as individual points.
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seasonal forests from subtropical China to subtropical Australia
(Fig. 2a). Toona ciliata typically has a leafless period ranging from
several weeks (Rahman ez 4/, 2017) to several months in the dry sea-
son (Heinrich & Banks, 2005; Vlam et al, 2014). Toona ciliata is
classified as a shade-intolerant, long-lived pioneer tree (Herwitz
et al., 1998), reaching ages of over 180 yr (Zuidema ez 4/, 2020).
The species produces growth rings that can be reliably dated (Hein-
rich et al, 2008, 2009; Vlam et al, 2014; Rahman ez 4l, 2017;
Sharma ez al, 2022), making it suitable to evaluate changes in phy-
siology in response to climate and C, across long periods.

Tree-ring samples were obtained from three forests with con-
trasting climates: the Atherton tablelands (AU, Australia), Huai
Kha Khaeng Wildlife Sanctuary (TH, Thailand), and Rema
Kalenga Wildlife Sanctuary (BA, Bangladesh, Fig. 2). The Aus-
tralian forest is classified as semi-deciduous notophyll vine forest
(Webb, 1959), growing on nutrient-rich basalt soils (Brasell
et al., 1980), with a 6-month dry season from April to November
(Heinrich et al., 2008). The forest in Thailand is classified as a
seasonal dry evergreen and mixed deciduous forest, growing on
weathered and slightly acidic ultisols (Bunyavejchewin
et al., 2009). This site experiences a 6-month dry season from
November to April (Vlam ez al., 2014). The site in Bangladesh is
classified as a tropical semi-evergreen forest, with slightly acidic
soils (Rahman et al,, 2017), with a 4-month dry season lasting
from November to February. The sampled forest stands in Ban-
gladesh are patchier and, compared with the other sites, relatively
disturbed, which may affect the canopy exposure of trees
included in this study.
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Sampling design

D6SR isotopomer ratios were measured on stem wood taken
from 5 mm increment cores, collected in 2000 for Australia, in
2014 for Thailand, and in 2016 and 2021 for Bangladesh
(Fig. 2b). Three individual trees were selected for each site. Pre-
ference was given to trees that fell into the middle range of the
growth-rate distribution (within each site) and that had no major
growth suppressions. We did so because long-lasting growth sup-
pression may indicate non climate-related growth (and photo-
synthesis) variations, and the average growth rate was chosen to
reduce among-tree variation and to increase the common signal.
Wood samples from the cores were taken as a time series, with a
minimum of three and a maximum of five samples along the life
of the tree (Fig. 2b). The number of samples per tree varied
between three and five depending on the age of the tree (Fig. 2b)
and covered 25-95yr per tree. The number of samples per
site was 14 for Australia, 14 for Thailand, and 12 for Bangladesh,
totalling 40 samples, taken from nine trees (three per site).
These samples covered a range of 20-114cm in DBH and
298-405 ppm in C, (Fig. S2). Each sample was re-measured five
to six times, as NMR measurements have high uncertainty, yield-
ing 223 observations of the D6SR ratio. Thus, our data have a
nested structure of observations (i.e. NMR re-measurements)
within samples (i.e. wood of different ages) within trees and
within sites.

The deuterium NMR analysis used to quantify D6SR ideally
uses a minimum of 0.5 g of raw material, although analysis is
possible on smaller samples (Betson et al., 2006). To maximize
the amount of wood, we pooled 10 yr of growth from one or sev-
eral cores per tree. The number of years between samples in a
time series was chosen to approximate equidistant C, levels
(Fig. 2b), as C, is the variable of interest. The first sample in a
time series was taken so that the mean tree diameter was at least
20 cm to ensure our reconstruction was focused on canopy trees
(i.e. trees with a diameter > 27 cm were considered canopy
trees by van der Sleen e¢f al, 2015) and to reduce ontogenetic
effects (Francey & Farquhar, 1982). The diameter at breast
height (DBH) of trees during the time of ring formation was
reconstructed from the tree-ring widths and DBH field measure-
ments (Thailand) or by combining cumulative ring width and
estimates of the distance of the oldest ring to the pith (Australia
and Bangladesh).

Sample preparation for NMR isotopomer measurements

Wood samples were ground into a powder using a ball mill, and
cellulose was hydrolysed into glucose following the method
described by Saeman ez al. (1945) with modifications introduced
by Betson et al. (2006) and Schleucher ez al. (1999) to improve
yield and reproducibility. Glucose was transformed into a glucose
derivative suitable for deuterium NMR measurements following
Betson ez al. (2006) (Fig. S3, details in Methods S1).

Deuterium NMR spectra were measured using an AVANCE
III 850 spectrometer (Bruker) equipped with a cryogenic probe
optimized for deuterium detection and equipped with a Y
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lock. Deuterium NMR spectra were integrated by deconvolu-
tion with a Lorentzian line shape, using the TOPSPIN software
(v.3.6.4; Bruker). The DG6SR isotopomer ratio was determined
as the ratio of the integrals of the D6® and DGR signals
(Fig. S4). For each sample, five or six replicate spectra were
recorded.

Climate data

We made use of gridded climate data produced by the Climatic
Research Unit (CRU v.4.07) at the 0.5-degree resolution (Harris
et al., 2020) for Tinin, Tinaw and precipitation, to define climatic
covariates for each sample in all sites. C, data were based on ice
core data for the period 1900-1958 (Etheridge ez al., 1996), and
from the Mauna Loa observatory for observations from 1959
onwards (Keeling, 2023; Lan, 2023). All monthly climate data
were subset to only include the growing season, here defined as
all months with > 100 mm precipitation (Malhi ez al, 2002),
thereby allowing the length of the growing season to vary from
year to year. By setting this threshold, we exclude dry months
from the climate data, as 7. ciliata is known to avoid the dry sea-
son with a leafless period. Leafless periods vary in length across
sites, depending on climatology (Heinrich & Banks, 2005; Vlam
et al., 2014; Rahman et al, 2017). For the Australian site, the
year was considered to start in July, as a tree ring starts forming
around that time of the year and continues the growth into the
next calendar year (following the Schulman convention; Schul-
man, 1956). Growing season precipitation (Fig. 2d) was calcu-
lated as the sum of precipitation of all months with > 100 mm
precipitation per year. As the processes of photosynthesis and
photorespiration, underlying D6SR isotopomer ratios, happen
during the daytime, we calculated the growing season day
temperature (7g,,) defined as:

W N

1
Tday = g . Tmin + = Tmax Eqﬂ 1

Climate and C, averages for each pooled sample (10 yr) were
calculated as a weighted mean based on tree-ring widths of the
included years. We chose to use a weighted mean as the relative
width of each included ring will change the contribution of this
ring to the entire sample in absolute weight of the wood, and thus
to the DGSR ratio of the sample. We calculated the relative con-
tribution of each ring width to the total sample width, multiplied
this by the annual covariate, and summed the outcome. By doing
so, a wider ring contributes more to the multi-year average of a
covariate, as this ring will also contribute more to the D6SR
signal.

Model description and statistical inference

Trees experience large changes in microclimate as they grow from
saplings into adults, including increased irradiance (Montgomery
& Chazdon, 2001; Monsi & Saeki, 2005; Poorter et al., 2005;
Brienen ez al., 2022), increased air and leaf temperature (Hinck-
ley et al., 2011), and increased hydraulic demands (Barnard &
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Ryan, 2003; 2021; Ferndndez-de-Ufia

et al., 2023). All of these microclimatic changes are expected to

Koyama er al,

level off once the tree reaches full canopy exposure, and the
effects of tree diameter were therefore expected to be asymptotic,
similar to trends in iWUE (due to decreasing G) with tree dia-
meter (McDowell et al, 2011; Brienen et al, 2017). To model
the potential asymptotic effects of diameter (Hypothesis 2) on
D6SR, we implemented a generalized Michaelis—Menten func-
tion (gMM) (see Martinez Cano ¢t al., 2019), earlier described
by Kepner (2010) for any system with saturating behaviour:

a - diameter

D6SR= ————
b + diameter

Eqn 2

where 4, the asymptote, is the DGSR ratio a tree attains when it is
fully exposed (large diameter, in the absence of any other varia-
tion) and &, the half-saturation parameter, is the diameter at
which the D6SR ratio is halfway to the asymptote. Following
Hypotheses 1 and 3, we assessed how changes in C,, Tj,y, and
precipitation were associated with the maximum DG6SR ratio (a)
by allowing the asymptote to vary with these covariates. The
model included a nested random effect structure on the intercept
for both 2 and & to control for repeated observations within sites
(multiple trees per site), trees (multiple measurements per indivi-
dual), and samples (multiple re-measurements of the same sam-
ple) (Details in Eqns S1.1-S1.3, Methods S2). This random
effect structure effectively controls for pseudo-replication (i.c.
multiple re-measurements per sample, tree, and site) while pre-
serving variability within each level. Nonetheless, given that aver-
aging re-measurements of samples is common practice in isotope
research, (Ehlers er al., 2015), we also fit all models using the

£
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mean value of observations per sample (Table 1). Before infer-
ence, covariates were standardized by subtracting each vector by
its mean and then dividing the result by the standard deviation of
the vector. Collinearity between included explanatory variables
was assessed for all models and found to be low with all VIF
scores under three. As the shape of the diameter effects on D6SR
is based on assumption (i.e. a saturating D6SR with tree size), we
assessed the robustness of the applied statistical method by com-
paring the results of the gMM with a linear and log-linear shape
of the diameter effect (Methods S2, Eqns S2, S3). Model perfor-
mance was evaluated and compared using WAIC, LOOIC, and
K. Model performance was similar for all tested models
(Table S1), and we, therefore, present our results based on the
gMM model, as the potential asymptotic effects of diameter may
provide a better representation of the biology of the study system.
The estimates in the text are based on the nonaveraged data, as
parameter estimates from averaged data are calculated by ignor-
ing sample-level variability, and exhibit inflated certainty. Esti-
mates for alternative models and models based on sample means
are presented in Table 1 and Tables S2, S3.

We fitted the model in StaN (Carpenter ez al., 2017), with its
interface in R (v.4.3.1; R Core Team, 2023) via the packages
BRMS (v.2.20.4; Biirkner, 2017) and RSTAN (v.2.32.6; Stan
Development Team, 2024). We incorporated weakly informative
priors for both fixed and random effects (Methods S2; Fig. S5).
The model coefficients were estimated using four Markov chains
with 4000 iterations each, and the first 2000 were discarded as a
warm-up. Parameter convergence and Markov chain mixing were
checked graphically using trace plots (Fig. S6) and numerically
using Rhat values (Gelman ez al, 2013). Goodness-of-fit was
(Conn

assessed using posterior predictive model checks

Table 1 Estimates of the fixed effects for the generalized mixed Michaelis-Menten model (Eqns $1.1-51.3), and for the linear and log-linear mixed models

(Egns S2-54).

Michaelis-Menten Michaelis-Menten

Parameter (full) (means) Linear (full) Linear (means) Log-linear (full) Log-linear (means)
Diameter 1.016 (0.908, 1.012 (0.899, 1.101) - - - -
asymptote 1.109)
Diameter 0.890 (0.224, 0.736 (0.204, 1.835) - - - -
half-saturation 2.144)
General intercept  — - 0.999 (0.767, 0.998 (0.808, 0.999 (0.835, 0.999 (0.811, 1.146)
1.185) 1.160) 1.135)
Diameter - - 0.008 (—0.002, 0.006 (0.000, - -
0.019) 94% 0.012) 98%
Log diameter - - - - 0.007 (—0.001, 0.006 (0.001, 0.011)
0.016) 96% 99%
Ca —0.009 (-0.017, —0.008 (—0.013, —0.009 (—0.020, —0.009 (-0.016, —0.009 (-0.018, —0.008 (—0.014,
—0.001) 99% —0.003) 700% 0.001) 96% —0.002) 99% 0.000) 97% —0.003) 700%
Tday 0.013 (—0.019, 0.017 (-0.006, 0.015 (—0.018, 0.020 (—0.005, 0.011 (—0.019, 0.018 (—0.005,
0.069) 83% 0.052) 92% 0.072) 83% 0.057) 93% 0.067) 79% 0.054) 93 %
Precipitation 0.003 (—0.007, 0.004 (—0.002, 0.001 (—0.009, 0.002 (—0.005, 0.001 (—0.009, 0.002 (—0.004,
0.014) 71% 0.011)97% 0.012) 58% 0.008) 69% 0.012) 59% 0.008) 72%

All models were fitted on both the full dataset (full), which includes all NMR re-measurements, and on preaveraged D6SR values (means). Estimates
represent the median of the posterior distribution, with the 95% credible intervals in parentheses (computed using quantiles), and the posterior
probabilities (PP) of the estimate in italics. The PP reflects the probability of the true effect being positive or negative, following the sign of the estimate,
given the model and data. PPs are only provided for slope estimates, as comparison with zero is not meaningful for intercepts. Details on the estimates for

random effects can be found in Supporting Information Tables S2 and S3.
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et al., 2018; Gabry er al., 2019), which compares observed data
to simulated predictions (Fig. S7). We report the median of pos-
terior parameter estimates with 95% credible intervals (Cls) com-
puted using quantiles based on the EASYSTATS package (v.0.7.0;
Liidecke ez al., 2022). For fixed effects, we also report the poster-
ior probability (PP) using Bayesian hypothesis testing in the EASY-
STATS package (v.0.7.0; Liidecke et a/., 2022). The PP reflects the
probability of the true effect being positive or negative, following
the sign of the estimate, given the model and data. PPs are only
provided for slope estimates, as comparison with zero is not
meaningful for intercepts. We consider covariates to be consis-
tently associated with the response variable (i.e. D6SR) if the Cls
exclude zero, or if the PP is higher than 95%.

Results

Atmospheric CO, increases photosynthetic efficiency

Photosynthetic efficiency increased (i.e. a decrease in the
photorespiration-to-photosynthesis ratio) with increasing C, over
the last 110yr and this association was consistently observed
across the three climatically distinct sites (Table S4; Fig. S8). C,
increased by 125 ppm (c. 36%) in the covered study period
(1905-2016). This increase in C, was negatively associated with
DG6SR with a slope of —0.009 (—0.017, —0.001) and a PP of
99% indicating a high probability that the slope is negative
(Table 1; Fig. 3a). We find the same slope for C, using the linear
and log-linear models with a PP of 96% and 97%, respectively
(Table 1). PP values for inference based on sample means are
higher for all models, indicating that estimate uncertainty is
mostly rooted in NMR measurement variabilicy (Table 1).
Results are thus robust to assumptions on the shape of the dia-
meter effect and to the inclusion of re-measurement or preaver-
aging (Table 1; Fig. S9). These results support Hypothesis 1 that
the ratio of photorespiration to photosynthesis decreases with
increasing C, (see Fig. S10 for the C, association with the 1/C,
axis, as done for earlier D6SR studies). The association between
the climatic variables (i.e. precipitation and day temperature) and
the D6SR asymptote was inconclusive. We found no consistent
association of DGSR with precipitation, as revealed by a slope of
+0.003 (—0.007, +0.014) and a PP of 71% (Fig. 3C), nor with
Tiay» as shown by a slope of +0.013 (—0.019, +0.069) and a PP
of 83% (Fig. 3d). Climate associations were also inconsistent for
alternative models and models based on means (Table 1).

Crown exposure decreases photosynthetic efficiency

We found that increasing tree size is associated with a reduction
in photosynthetic efficiency as demonstrated by the increase in
D6SR with diameter, supporting Hypothesis 2 (Fig. 3b). Based
on the gMM model, the positive association between diameter
and DGSR saturates around a DBH of 60 cm and reaches an
asymptote of 1.016 (4+0.908, +1.109), with a half-saturation
parameter of 0.89 (+0.224, +2.144), PP values for these esti-
mates are not given, as the relationship is based on two para-
meters for which comparison with zero is not informative. The
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mean DBH at which trees reached the asymptote coincides with
the diameter at which 7. ciliata reaches its maximum height
(Fig. S11A) and holds a dominant canopy position with fully
exposed crowns (Fig. S11B). For the alternative linear and
log-linear models, we found positive associations of D6SR with
diameter (PP: 94% and 96%) (Fig. S12; Table 1), with higher
confidence for the models based on sample means (PP: 98% and
PP: 99%). Across the three tested models, LOOIC and WAIC
scores were similar, and explained ¢. 64% of the variation in the

data, with fixed effects explaining ¢. 33% (Table S1).

Combined effects of C, and tree size

The association between diameter and C, on D6SR work in
opposite directions, complicating the interpretation of C, effects.
To illustrate this, we explored the joint effects of diameter and C,
using simulations from the gMM model (Fig. 4), and the alterna-
tive linear and log-linear models (Fig. S13). Under different con-
stant levels of C,, the D6SR asymptote shifts down with higher
C, levels, consistent with an increase in photosynthetic efficiency
(Fig. 4a). If we allow diameter and C, to increase concurrently, to
mimic the development of trees under increasing C,, D6SR
increases with diameter but no longer reaches an asymptote
(Fig. 4b). In this scenario, a maximum value of D6SR is reached
at ¢. 60 cm DBH, corresponding to the maximum decrease in
photosynthetic efficiency. After reaching a maximum, D6SR
decreases again, implying improved photosynthetic efficiency
with rising C,, without a compensating effect of further diameter
increase. The alternative linear and log-linear models yield a simi-
lar pattern for the combined effects of diameter and C,

(Fig. S13).

Discussion

This study used D6SR isotopomers to reconstruct historical
changes in the ratio of photorespiration to photosynthesis of tro-
pical forest canopy trees in response to rising C,, tree size, and cli-
mate. DGSR isotopomers are a relatively new method (Ehlers
et al., 2015; Serk et al., 2021a,b), and this is the first study using
D6SR to assess photosynthetic responses to C, for trees. This
study adds an independent line of empirical evidence demon-
strating changes in tree physiology in response to increasing C,.
We found that C, increases photosynthetic efficiency, reflected
by a negative association of D6SR with C,, while tree diameter,
as a proxy for canopy exposure, decreased photosynthetic effi-
ciency.

Methodological limitations

This study marks the first application of D6SR measurements on
trees, and as such, we evaluate the main methodological limita-
tions. The D6SR measurements presented in this study exhibit
relatively high variability compared with the effect sizes, primar-
ily due to the inherent uncertainty of deuterium NMR measure-
ments, which typically range within a few percent (Akoka &
Remaud, 2020). A high measurement uncertainty can reduce the

© 2025 The Author(s).
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Fig. 3 Predicted effects of atmospheric CO, (C,) (a), diameter (crown exposure, b), and climate (c, d) on the photorespiration-to-photosynthesis ratio
(D6SR) for Toona ciliata from three sampling sites (colours). Thick continuous lines indicate the predicted mean of the consistent associations (credible
interval (Cl) excludes zero and posterior probability (PP) > 95%), thick dashed lines are the predicted mean of effects that are not consistently associated
(Clincludes zero and PP < 95%). Thin lines represent 200 draws from the posterior predictive distributions. Predictions are based on the gMM model,
inferred on the full dataset (Michaelis—-Menten (full), Table 1), predictions for the gMM model estimated on sample means are available in Supporting

Information Fig. S9.

certainty of the parameter estimates, as shown by the stronger
PPs and narrower Cls when using sample means compared with
using all observations for inference (Table 1). Uncertainty in
NMR measurements could potentially be reduced by using a lar-
ger amount of wood for the derivatives, which could be achieved
by taking thicker increment cores. To account for the uncertainty
of the D6SR estimate, a minimum of five re-measurements were
conducted. In addition to measurement error, there is also a large
variation in DG6SR between individual trees, and across the time
series. This may be expected as the crown of each tree has a

© 2025 The Author(s).
New Phytologist © 2025 New Phytologist Foundation.

unique position in the forest canopy, with a unique (and
unknown) history. This influences canopy light exposure, leaf
temperature, and stomatal conductance. The effect of diameter
on DG6SR indeed suggests that canopy exposure is an important
driver of photosynthetic efficiency. Natural forest dynamics (e.g.
branch fall, liana infestation, and canopy openings) can also
influence canopy exposure, and thus the D6SR ratios. To reduce
the effect of differences between trees, we chose to analyse the
time series of DGSR for individual trees and include individual
trees as a random variable. Yet, D6SR values within trees remain
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of C, and diameter.

highly variable. Thus, measurements of D6SR of natural forest
trees appear to be inherently more variable than those in agricul-
tural or experimental systems (Ehlers ez al., 2015), likely because
the latter are shorter-lived and grow under more uniform condi-
tions. Increased sample sizes in future D6SR studies on trees are
therefore necessary to confirm our findings. As D6SR is a rela-
tively new method (Ehlers ez al, 2015; Serk et al, 2021a,b),
downstream fractionation of D6SR from leaf to wood, as seen
for '*C isotopes (Gessler & Ferrio, 2022), has not yet been stu-
died. We expect downstream fractionation might be limited as
both D6° and D6® sugar molecules have the same molecular
weight. For this study, we assume that if any fractionation is pre-
sent, this is constant over time and therefore did not influence
our estimates of C, and diameter effects.

Interpreting C, effects on D6SR isotopomer ratios

The effect of C, rise on plant productivity is generally expected to
be positive. In line with Hypothesis 1, we found that D6SR is
negatively associated with C,, corresponding to an increase in
photosynthetic efficiency. Increases in forest canopy photosynth-
esis with C, also follow from other lines of empirical evidence.
First, FACE experiments on mature trees in temperate zones con-
sistently show an increase in light-saturated photosynthesis at the
leaf level in response to increased C, (Ainsworth & Long, 2005;
Ellsworth et al., 2017; Jiang et al., 2020), without any apparent
changes in canopy transpiration (Gimeno ¢t al., 2018). However,

New Phytologist (2025) 246: 131-143
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all FACE experiments implement a stepwise increase in C,, which
does not reflect realistic scenarios (Luo, 2001; Hendrey &
Miglietta, 2006), and FACE experiments have yet to start in tro-
pical forests (AmazonFace; Lapola & Norby, 2014). Second,
tree-ring-derived '°C isotope studies show consistent increases in
iWUE in tropical trees (Hietz e al, 2005; Brienen et al., 2011;
Nock er al., 2011; van der Sleen ez al, 2015; Rahman er 4/,
2020), which can be due to an increase in photosynthesis, a
reduction in water use, or both. To evaluate the physiological
effects of C,, the proxy of photosynthetic efficiency based on
DGSR has an advantage over that of iWUE based on '*C iso-
topes, as it directly reflects photosynthetic processes and enzymes
involved in the photorespiratory and photosynthetic pathway
(Rinne-Garmston et al., 2022) and is not influenced by the com-
plex dynamics of stomatal conductance.

As DG6SR is a new proxy, we place our results in a broader per-
spective by calculating B values of responses to C, of D6SR,
Vol Vi, C, and iWUE following Walker er al. (2020). These p
estimates provide scaled values for the effect size of C, rise, allow-
ing comparison between studies using similar indices but differ-
ent study designs. A p estimate of 1 (or —1) indicates a direct
proportionality of the C, response; values greater than one sug-
gest a stronger response, while values less than one indicate a
weaker response. For the C, effect on DG6SR, we find f = —0.094
(for median-sized trees), which is slightly lower than f values for
annual plants (Ehlers ez al, 2015). The decreased D6SR ratio
with rising C, can be caused by suppression of photorespiration

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

85U80|7 SUOWILIOD aAIIERD 8]qed!|dde a3 Aq peusenob aJe e YO ‘8sn Jo se|nu Joj Ariqi]8uUlUO 43I UO (SUORIPUOD-pUR-SWBH W00 A8 1M AleJq 1 jaul|UO//:SANY) SUORIPUOD Pue SWe 1 8Y3 89S *[9202/80/GZ] U0 Ariqiauliuo AB[IM ‘A1sieAlun %000 sswer Aq 85£02 Udu/TTTT 0T/10p/w00 A8 i Areiqijeutjuo yduy/sdny wouy pepeojumod ‘T ‘SZ0Z ‘LET869VT


nph20358-fig-0004

New
Phytologist

(oxygenation), increasing photosynthesis (carboxylation), or a
combination of both. Based on photosynthetic modelling with
fixed photosynthetic parameters (Fig. S14; Farquhar ez 2/, 1980;
Farquhar & Sharkey, 1982; Farquhar & Von Caemmerer, 1982),
a 36% increase in C, (this study) and G, leads to a 26% decrease
in V,/V_ (B=—-0.98), coupled with a 32% increase in gross
photosynthesis (B = +0.90). This theoretical decrease in V,/V, is
mostly driven by a strong increase in carboxylation and a smaller
concomitant decrease in oxygenation (Fig. S1). Empirically,
DGSR correlates strongly with V,/V, for sunflowers in an experi-
mental setting (Ehlers er al, 2015). If we assume this same
empirical relationship for our study, our DOSR results translate
into an 18% decrease in V,/V. (31% lower than expected,
B = —0.64), which would lead to a 22% increase in gross photo-
synthesis (same 31% lower, p = +0.64). These p values are simi-
lar to those for GPP from other studies (Walker ez al, 2020).
Finally, '>C isotope measurements for one of our study sites
(Thailand; van der Sleen ez 4/, 2015) show a 44% increase in G
(B=+1.20) and a 23% increase in iWUE (B =+40.68) for
T. ciliata trees of 27 cm DBH in response to the same 36% C,
rise (Fig. S15). Taken together, the similarity of observed and
theoretical increases in C, photosynthetic efficiency, and iWUE
provide empirical evidence that C, rise has likely led to increased
canopy photosynthesis for our study species during the past cen-
tury, although underlying assumptions make the magnitude of
this estimate less certain.

Effect of tree size on D6SR isotopomer ratio

As trees grow from saplings into adults, they experience large
changes in microclimate, including gradients in light (Monsi &
Saeki, 2005; Brienen er al, 2022), temperature (Hinckley
et al., 2011) and hydraulic demands (Koyama ez a/., 2021; Ferna-
ndez-de-Ufia et al., 2023), which may result in changes in the
ratio of photosynthesis to photorespiration. Following Hypoth-
esis 2, that canopy exposure reduces photosynthetic efficiency, we
found that DGSR increases with tree diameter, analogous to a
decreased photosynthetic efficiency. This positive association is
less strongly supported under a linear assumption (PP 94%) than
under a log-linear assumption (PP 96%), suggesting that a linear
model may not accurately describe the relationship between
DG6SR and tree size. Assuming a saturating relationship, D6SR
approaches an asymptote at ¢. 60 cm in diameter, coinciding with
the moment trees of our study species reach the maximum height
(Fig. S11A) and usually hold dominant canopy positions
(Fig. S11B). These results are consistent with 13C studies, which
often find a decrease in C; with tree height at the leaf and stem
level (McDowell ez al., 2011) and also support the asymptotic
change, as is often found for the association between iWUE and
tree diameter (Brienen et 4/, 2017), although a strong ontoge-
netic effect is not always observed for temperate light-sensitive
species (McCarroll ez al., 2020). 13C measurements for 7. ciliata
in our Thailand site show that C; is consistently lower in canopy
trees than in subcanopy trees, and this offset remains across a
range of C, (Fig. S15B) (van der Sleen ez al,, 2015). Decreasing
C; is expected to decrease photosynthetic efficiency (Farquhar

© 2025 The Author(s).
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et al., 1980) (Fig. S1A), coinciding with the observed increase in
DGSR. The decrease in leaf internal C; based on '>C, as well as
the decreased photosynthetic efficiency found in this study, could
be explained by stomatal closure (due to hydraulic limitations;
McDowell ez al., 2011) and by increased rates of photosynthesis
causing reduction in C; (photosynthetic drawdown; Francey &
Farquhar, 1982; Lloyd ez al., 2009). Canopy exposure plays a key
role as photosynthetic efficiency decreases with diameter; how-
ever, this does not imply that net photosynthesis (Rijkers
er al., 2000; Kenzo et al, 2006; Sterck & Schieving, 2011;
Lamour et al., 2023) and growth (Sillett ez a/., 2010; Stephenson
et al., 2014) also decrease with tree size.

The associations of D6SR with diameter and C, were oppos-
ing, complicating the interpretation of C, effects for trees, as all
extant large trees will have grown from juvenile to adult across a
gradient of C,. Using simulations from our gMM model, we
found that a ‘hypothetical’ tree with a constant diameter incre-
ment, growing under exponential C, rise (data from past cen-
tury), will first experience a decrease in photosynthetic efficiency,
resulting in a maximum DG6SR (at ¢. 60 cm), after which C, starts
increasing photosynthetic efficiency (Fig. 4). With increasing tree
diameter (and thus crown exposure), photosynthesis likely shifts
from light-limited to carboxylation-limited, due to high light
exposure (Farquhar ez al, 1980; Farquhar & Von Caem-
merer, 1982; Lambers & Oliveira, 2019) (Fig. S1) and increasing
hydraulic demands. Carbon limitation of photosynthesis in fully
exposed crowns would explain the increase in photosynthetic effi-
ciency with C, rise, as light and hydraulic limitation should stabi-
lize after trees reach dominant canopy positions. While this study
was done for only one tree species, the consistent decrease in
3C-based C; with tree height for multiple (tropical) angiosperm
species (McDowell ez al., 2011) suggests that a similar decrease in
photosynthetic efficiency with canopy exposure may be expected
for other broadleaf tree species. The effect of diameter on C; in
stem wood reflects the signature of the upper canopy layer (Schle-
ser, 1990; Brienen ez al., 2017), suggesting that the upper canopy
layer produces the majority of photosynthates used in stem wood
formation (Lamour et 4/, 2023). This has important implications
for the effects of future C, rise, as, based on our results, photore-
spiration may be highest in the upper canopy layer. We therefore
expect CO, fertilization to remain important for large trees for a
long time, but to be less important for smaller unexposed trees.

Effects of climate on D6SR isotopomer ratio

Based on other studies of isotopomers (Serk ez al, 2021b),
photosynthetic theory (Lambers & Oliveira, 2019), and '°C iso-
topes (van der Sleen er al., 2022), we expected photosynthetic
efficiency to be lower when temperature is high and precipitation
is low (Hypothesis 3). A positive effect of temperature on D6SR,
and thus a decrease in photosynthetic efficiency, is possible from
our data, yet our results did not provide strong support for these
effects (83% PP). Potential explanations for the lack of consistent
climate associations include the relatively small number of sites
(three), tree size differences between sites (which could have con-
cealed climatic effects), and local variation in growing location
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between trees combined with limited numbers of replicated trees
per site. The strength of observed C, effects could be decreased
by long-term increases in Tays this is, however, unlikely given
that a historical increase in Tj,, was only observed for the Bangla-
desh site (Fig. S16). Precipitation did show changes over time for
the Australian and Bangladeshi sites (Fig. S16), though the effects
of precipitation remained highly uncertain.

Concluding remarks and future outlook

We conclude that the photosynthetic efficiency of 7. ciliata
trees increased in association with ongoing anthropogenic C,
rise while increasing tree diameter decreased photosynthetic efh-
ciency. This study adds an independent line of empirical evi-
dence for a C-induced increase in the photosynthetic efficiency
of tropical forest canopies, in addition to G rise from tree-ring
13C isotopic studies (van der Sleen ez al, 2022), GPP rise from
carbonyl sulphide (COS) measurements (Campbell ez al., 2017;
Cernusak et al, 2019), and GPP rise from remotely sensed
solar-induced Chl fluorescence (SIF; Song et al, 2022). These
methods differ in temporal scales covered (decadal for SIF, cen-
tennial for the others), spatial resolution (global for COS, spa-
tially explicit for the others), and attribution to photosynthesis
rise (indirect for C, direct for the others). To our knowledge,
isotopomers are currently the only method available to estimate
changes in photosynthetic efficiency at centennial scale, for spe-
cific forests. However, the spatial coverage of D6SR is very lim-
ited at present and a broader application is strictly dependent
on the ability to date samples (using tree rings or radiocarbon
dating).

Our results open up the following new avenues to study
photosynthetic responses to long-term C, rise in trees. (1) Disen-
tangling the effects of crown exposure and C, requires more scru-
tiny, for instance, by measuring D6SR in trees of different sizes
in a FACE experiment, or by measuring tree-ring-based D6SR in
fixed diameter classes from small to large DBH, that grew over a
gradient of C, (following van der Sleen er al, 2015). (2) The
effects of canopy exposure on DG6SR require further study. While
it is likely that increasing irradiance (due to canopy exposure) is a
strong driver, the role of hydraulic limitation should not be over-
looked. Studies including trees with fully light-exposed crowns,
contrasted with trees of similar size growing in closed-canopy for-
ests, could help differentiate the effects of light and hydraulic lim-
itation. (3) The implications of D6SR changes for the ratio of
oxygenation and carboxylation (V,/V,) can be further explored
by measuring leaf V,/V, and leaf D6SR on different species
grown at different temperatures in glasshouses as well as in
canopy trees. The new AmazonFACE experiment offers opportu-
nities to do so 77 situ (Lapola & Norby, 2014). (4) The effects of
climate could be further explored, both by glasshouse studies on
tropical tree saplings grown under different temperature and
water regimes and on canopy trees by including larger tempera-
ture and precipitation gradients. (5) Lastly, the generality of our
findings for other (tropical) tree species needs to be established.
The strength of the C, effect and the shape of the diameter curve
may differ, due to differences in shade tolerance, deciduousness,
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and strategies of stomatal control. Thus, future studies on D6SR
would benefit from including a range of different tree species to
study how C, rise has and will influence tree photosynthesis and
productivity of tropical forests.

Acknowledgements

SAZ is grateful for the help and input from Marina Paneque dur-
ing the pilot phase of this study. For field sampling, MV is grate-
ful for the support of Sarayudh Bunyavejchewin, Patrick Baker,
and Somboon Kiratiprayoon for sample collections in Thailand
(TH site) with permission from the National Research Council
of Thailand and the Department of National Parks, financially
supported by the European Research Council (ERC, grant no.:
242955). In Bangladesh (BA site), MR is grateful to the German
Academic Exchange Service (DAAD) and the Bangladesh Forest
Department (FD). For Australia (AU) IH is grateful to Graham
Harrington, Keith Sandy Sanderson, Matt Bradford, Laurance
May, and Steve Turton, and we acknowledge the Aboriginal Peo-
ple and Torres Strait Islander People as the first inhabitants of
the nation. SZ was financially supported by a grant from the
Dutch Science Foundation (NWO grant no.: ALWOP.456). ]S
acknowledges support from the Swedish Research Council VR
(2018-04456).

Competing interests

None declared.

Author contributions

SAZ, PAZ FJS, LH and ]S designed the study. SAZ selected the
included samples, and LH carried out the laboratory work and
measurements. SAZ designed and implemented the statistical
analyses with help from JAM-V and AM. MR, MV and IH sup-
plied the wood samples. SAZ, PAZ, FJS, LAC, AM and NPRA
interpreted the results. SAZ drafted the first version of the manu-
script, with the help of PAZ and FJS. All authors contributed to

subsequent versions.

ORCID

Niels P. R. Anten
Lucas A. Cernusak

https://orcid.org/0000-0002-9097-0654
https://orcid.org/0000-0002-7575-5526
Lenny Haddad () heeps://orcid.org/0009-0003-9821-783X
Ingo Heinrich (2 https://orcid.org/0000-0001-5800-6999
José A. Medina-Vega (2 https://orcid.org/0000-0001-5468-
5605
Alejandro Morales (2 hteps://orcid.org/0000-0002-6129-4570
hteps://orcid.org/0000-0001-9011-2011
Jiirgen Schleucher (2 https://orcid.org/0000-0002-4815-3466
Frank J. Sterck (2} https://orcid.org/0000-0001-7559-6572
Mart Vlam (2 https://orcid.org/0000-0002-0038-6586
Pieter A. Zuidema (2 hteps://orcid.org/0000-0001-8100-1168
Sophie A. Zwartsenberg () hteps://orcid.org/0000-0002-1610-
6470

Mizanur Rahman

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

85U80|7 SUOWILIOD aAIIERD 8]qed!|dde a3 Aq peusenob aJe e YO ‘8sn Jo se|nu Joj Ariqi]8uUlUO 43I UO (SUORIPUOD-pUR-SWBH W00 A8 1M AleJq 1 jaul|UO//:SANY) SUORIPUOD Pue SWe 1 8Y3 89S *[9202/80/GZ] U0 Ariqiauliuo AB[IM ‘A1sieAlun %000 sswer Aq 85£02 Udu/TTTT 0T/10p/w00 A8 i Areiqijeutjuo yduy/sdny wouy pepeojumod ‘T ‘SZ0Z ‘LET869VT


https://orcid.org/0000-0002-9097-0654
https://orcid.org/0000-0002-9097-0654
https://orcid.org/0000-0002-9097-0654
https://orcid.org/0000-0002-7575-5526
https://orcid.org/0000-0002-7575-5526
https://orcid.org/0000-0002-7575-5526
https://orcid.org/0009-0003-9821-783X
https://orcid.org/0009-0003-9821-783X
https://orcid.org/0009-0003-9821-783X
https://orcid.org/0000-0001-5800-6999
https://orcid.org/0000-0001-5800-6999
https://orcid.org/0000-0001-5800-6999
https://orcid.org/0000-0001-5468-5605
https://orcid.org/0000-0001-5468-5605
https://orcid.org/0000-0001-5468-5605
https://orcid.org/0000-0002-6129-4570
https://orcid.org/0000-0002-6129-4570
https://orcid.org/0000-0002-6129-4570
https://orcid.org/0000-0001-9011-2011
https://orcid.org/0000-0001-9011-2011
https://orcid.org/0000-0001-9011-2011
https://orcid.org/0000-0002-4815-3466
https://orcid.org/0000-0002-4815-3466
https://orcid.org/0000-0002-4815-3466
https://orcid.org/0000-0001-7559-6572
https://orcid.org/0000-0001-7559-6572
https://orcid.org/0000-0001-7559-6572
https://orcid.org/0000-0002-0038-6586
https://orcid.org/0000-0002-0038-6586
https://orcid.org/0000-0002-0038-6586
https://orcid.org/0000-0001-8100-1168
https://orcid.org/0000-0001-8100-1168
https://orcid.org/0000-0001-8100-1168
https://orcid.org/0000-0002-1610-6470
https://orcid.org/0000-0002-1610-6470
https://orcid.org/0000-0002-1610-6470

New
Phytologist

Data availability

Data used in this study are available on Zenodo (doi: 10.
5281/zenodo.14280864).

References

Ainsworth EA, Long SP. 2005. What have we learned from 15 years of free-air
CO, enrichment (FACE)? A meta-analytic review of the responses of
photosynthesis, canopy properties and plant production to rising CO,. New
Phytologist 165: 351-372.

Akoka S, Remaud GS. 2020. NMR-based isotopic and isotopomic analysis.
Progress in Nuclear Magnetic Resonance Spectroscopy 120-121: 1-24.

Barnard HR, Ryan M. 2003. A test of the hydraulic limitation hypothesis in fast-
growing Eucalyptus saligna. Plant, Cell & Environment 26: 1235-1245.

Beer C, Reichstein M, Tomelleri E, Ciais P, Jung M, Carvalhais N, Rédenbeck
C, Arain MA, Baldocchi D, Bonan GB et al. 2010. Terrestrial gross carbon
dioxide uptake: Global distribution and covariation with climate. Science 329:
834-838.

Betson TR, Augusti A, Schleucher J. 2006. Quantification of deuterium
isotopomers of tree-ring cellulose using nuclear magnetic resonance. Analytical
Chemistry78: 8406-8411.

Bonan GB. 2008. Forests and climate change: forcings, feedbacks, and the
climate benefits of forests. Science 320: 1444-1449.

Brasell H, Unwin G, Stocker G. 1980. The quantity, temporal distribution and
mineral-element content of litterfall in two forest types at two sites in tropical
Australia. The Journal of Ecology 68: 123—139.

Brienen R, Helle G, Pons T, Boom A, Gloor M, Groenendijk P, Clerici S, Leng
M, Jones C. 2022. Paired analysis of tree ring width and carbon isotopes
indicates when controls on tropical tree growth change from light to water
limitations. 7ree Physiology 42: 1131-1148.

Brienen RJW, Gloor E, Clerici S, Newton R, Arppe L, Boom A, Bottrell S,
Callaghan M, Heaton T, Helama S ez al. 2017. Tree height strongly affects
estimates of water-use efficiency responses to climate and CO, using isotopes.
Nature Communications 8: 288.

Brienen RJW, Wanek W, Hietz P. 2011. Stable carbon isotopes in tree rings
indicate improved water use efficiency and drought responses of a tropical dry
forest tree species. Trees-Structure and Function 25: 103-113.

Brooks A, Farquhar G. 1985. Effect of temperature on the CO,/O, specificity of
ribulose-1, 5-bisphosphate carboxylase/oxygenase and the rate of respiration in
the light: Estimates from gas-exchange measurements on spinach. Planta 165:
397-406.

Bunyavejchewin S, LaFrankie J, Baker PJ, Davies SJ, Ashton PJ. 2009. Forest
trees of Huai Kha Khaeng wildlife sanctuary, Thailand: data from the 50-hectare
forest dynamics plot. Bangkok, Thailand: National Parks, Wildlife & Plant
Conservation Department.

Biirkner P-C. 2017. BrRMS: an R package for Bayesian multilevel models using
Stan. Journal of Statistical Software 80: 1-28.

Busch FA. 2020. Photorespiration in the context of Rubisco biochemistry, CO,
diffusion and metabolism. 7he Plant Journal 101: 919-939.

Campbell JE, Berry JA, Seibt U, Smith SJ, Montzka SA, Launois T, Belviso S,
Bopp L, Laine M. 2017. Large historical growth in global terrestrial gross
primary production. Nature 544: 84-87.

Carpenter B, Gelman A, Hoffman MD, Lee D, Goodrich B, Betancourt M,
Brubaker MA, Guo J, Li P, Riddell A. 2017. sTan: a probabilistic
programming language. Journal of Statistical Software 76: 1-31.

Cernusak LA, Haverd V, Brendel O, Le Thiec D, Guehl J-M, Cuntz M. 2019.
Robust response of terrestrial plants to rising CO,. Trends in Plant Science 24:
578-586.

Conn PB, Johnson DS, Williams PJ, Melin SR, Hooten MB. 2018. A guide to
Bayesian model checking for ecologists. Ecological Monographs 88: 526—542.

Doughty CE. 2011. An 77 situ leaf and branch warming experiment in the
Amazon. Biotropica 43: 658—665.

Doughty CE, Keany JM, Wiebe BC, Rey-Sanchez C, Carter KR, Middleby
KB, Cheesman AW, Goulden ML, da Rocha HR, Miller SD. 2023.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

Research

K-

Tropical forests are approaching critical temperature thresholds. Nature
621: 105-111.

Ehlers I, Augusti A, Betson TR, Nilsson MB, Marshall JD, Schleucher J. 2015.
Detecting long-term metabolic shifts using isotopomers: CO, -driven
suppression of photorespiration in Cj plants over the 20th century. Proceedings
of the National Academy of Sciences, USA 112: 15585-15590.

Ellsworth DS, Anderson IC, Crous KY, Cooke ], Drake JE, Gherlenda AN,
Gimeno TE, Macdonald CA, Medlyn BE, Powell JR et al. 2017. Elevated
CO; does not increase eucalypt forest productivity on a low-phosphorus soil.
Nature Climate Change7: 279-282.

Etheridge DM, Steele L, Langenfelds RL, Francey R], Barnola JM, Morgan V.
1996. Natural and anthropogenic changes in atmospheric CO, over the last
1000 years from air in Antarctic ice and firn. Journal of Geophysical Research:
Atmospheres 101(D2): 4115-4128.

Farquhar GD, O’Leary MH, Berry JA. 1982. On the relationship between
carbon isotope discrimination and the intercellular carbon dioxide
concentration in leaves. Australian Journal of Plant Physiology 9: 121-137.

Farquhar GD, Sharkey TD. 1982. Stomatal conductance and photosynthesis.
Annual Review of Plant Physiology 33: 317-345.

Farquhar GD, Von Caemmerer S. 1982. Modelling of photosynthetic response
to environmental conditions. In: Physiological plant ecology II. Cham,
Switzerland: Springer, 549-587.

Farquhar GD, Von Caemmerer S, Berry JA. 1980. A biochemical model of
photosynthetic CO, assimilation in leaves of Cj species. Planta 149: 78-90.

Fernindez-de-Ufia L, Vilalta J, Poyatos R, Mencuccini M, McDowell NG.
2023. The role of height-driven constraints and compensations on tree
vulnerability to drought. New Phytologist 239: 2083-2098.

Francey R, Farquhar G. 1982. An explanation of '*C/"2C variations in tree rings.
Nature297: 28-31.

Franks PJ, Adams MA, Amthor JS, Barbour MM, Berry JA, Ellsworth DS,
Farquhar GD, Ghannoum O, Lloyd J, McDowell N ez al. 2013. Sensitivity of
plants to changing atmospheric CO, concentration: From the geological past
to the next century. New Phyrologist 197: 1077-1094.

Gabry ], Simpson D, Vehtari A, Betancourt M, Gelman A. 2019. Visualization
in Bayesian workflow. Journal of the Royal Statistical Society: Series A (Statistics
in Sociery) 182: 389—402.

GBIF.org. 2022. GBIF occurrence download: the global biodiversity information
Sacility.

Gelman A, Carlin JB, Stern HS, Dunson DB, Vehtari A, Rubin DB. 2013.
Bayesian data analysis, 3 edn. Boca Raton, FL, USA: Chapman and
Hall/CRC.

Gessler A, Ferrio JP. 2022. Postphotosynthetic fractionation in leaves, phloem
and stem. In: Stable isotopes in tree rings: inferring physiological, climatic and
environmental responses. Cham, Switzerland: Springer International, 381-396.

Gimeno TE, McVicar TR, O’Grady AP, Tissue DT, Ellsworth DS. 2018.
Elevated CO, did not affect the hydrological balance of a mature native
Eucalyptus woodland. Global Change Biology 24: 3010-3024.

Harris I, Osborn T]J, Jones P, Lister D. 2020. Version 4 of the CRU TS monthly
high-resolution gridded multivariate climate dataset. Scientific Data7: 109.
Heinrich I, Banks JCG. 2005. Dendroclimatological potential of the Australian

red cedar. Australian Journal of Botany 53: 21-32.

Heinrich I, Weidner K, Helle G, Vos H, Banks JCG. 2008. Hydroclimatic
variation in Far North Queensland since 1860 inferred from tree rings.
Palacogeography, Palaeoclimatology, Palacoecology 270: 116-127.

Heinrich I, Weidner K, Helle G, Vos H, Lindesay ], Banks JCG. 2009.
Interdecadal modulation of the relationship between ENSO, IPO and
precipitation: Insights from tree rings in Australia. Climate Dynamics 33: 63-73.

Hendrey G, Miglietta F. 2006. FACE technology: past, present, and future. In:
Managed ecosystems and CO»: case studies, processes, and perspectives. Cham,
Switzerland: Springer, 15-43.

Herwitz SR, Slye RE, Turton SM. 1998. Redefining the ecological niche of a
tropical rain forest canopy tree species using airborne imagery: long-term crown
dynamics of Toona ciliata. Journal of Tropical Ecology 14: 683-703.

Hietz P, Wanek W, Diinisch O. 2005. Long-term trends in cellulose 8'3C and
water-use efficiency of tropical Cedrela and Swietenia from Brazil. 77ee

Physiology 25: 745-752.

New Phytologist (2025) 246: 131-143
www.newphytologist.com

85U80]7 SUOWILIOD BAIIERD 8]qed||dde a3 Aq peusenob aJe sspie YO ‘8sn Jo sa|ni Joj Ariq1]8UIIUO 43I UO (SUORIPUOD-pUR-SWBH W00 A8 1M AleJq 1 aul|UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/80/GZ] U0 Ariqiauliu AB[IM ‘AIsieAlun %000 sswer Aq 85£0z Udu/TTTT 0T/10p/w00 A8 i Areqijeutjuo yduy/sdny wouy pepeojumod ‘T ‘G:


https://doi.org/10.5281/zenodo.14280864
https://doi.org/10.5281/zenodo.14280864

i feh

Hinckley TM, Lachenbruch B, Meinzer FC, Dawson TE. 2011. A lifespan
perspective on integrating structure and function in trees. In: Size-and age-
related changes in tree structure and function. Dordrecht, the Netherlands;
Heidelberg, Germany; London, UK; New York, NY, USA: Springer, 3-30.

Jiang M, Medlyn BE, Drake JE, Duursma RA, Anderson IC, Barton CVM, Boer
MM, Carrillo Y, Castafieda-Gémez L, Collins L et al 2020. The fate of carbon
in a mature forest under carbon dioxide enrichment. Nature 580: 227-231.

Keeling R. 2023. Mauna Loa CO, Scripps institution of oceanography.

Keenan T, Luo X, Stocker B, De Kauwe M, Medlyn B, Prentice I, Smith N,
Terrer C, Wang H, Zhang Y. 2023. A constraint on historic growth in global
photosynthesis due to rising CO,. Nature Climate Change 13: 1-6.

Keenan T, Williams C. 2018. The terrestrial carbon sink. Annual Review of
Environment and Resources 43: 219-243.

Kenzo T, Ichie T, Watanabe Y, Yoneda R, Ninomiya I, Koike T. 2006. Changes
in photosynthesis and leaf characteristics with tree height in five dipterocarp
species in a tropical rain forest. Tree Physiology 26: 865-873.

Kepner GR. 2010. Saturation behavior: a general relationship described by a
simple second-order differential equation. Theoretical Biology and Medical
Modelling7: 1-13.

Koyama A, Schotzko AD, Schedlbauer JL, Pangle RE, Kavanagh KL. 2021. Can
variation in canopy 8'°C be attributed to changes in tree height? An
investigation of three conifer species. Trees 35: 731-748.

Lambers H, Oliveira RS. 2019. Photosynthesis, respiration, and long-distance
transport: photosynthesis. In: Plant physiological ecology. Cham, Switzerland:
Springer, 11-114.

Lamour J, Davidson K, Ely K, Moguédec GL, Anderson J, Li Q, Calderén O,
Koven C, Wright SJ, Walker AP ez al. 2023. The effect of the vertical
gradients of photosynthetic parameters on the CO, assimilation and
transpiration of a Panamanian tropical forest. New Phytologist 238: 2345-2362.

Lan X. 2023. NOAA/GML.

Lapola DM, Norby RJ. 2014. Amazon FACE: assessing the effects of increased
atmospheric CO, on the ecology and resilience of the Amazon forest. Brasilia,
Brazil: Ministerio de Ciencia, Tecnologia e Inovagio.

Lloyd ], Patino S, Paiva R, Nardoto G, Quesada C, Santos A, Baker T, Brand
W, Hilke I, Gielmann H. 2009. Variations in leaf physiological properties
within Amazon forest canopies. Biogeosciences Discussions 6: 4639—4692.

Liidecke D, Ben-Shachar MS, Patil I, Wiernik BM, Bacher E, Thériault R,
Makowski D. 2022. EASYSTATS: framework for easy statistical modeling,
visualization, and reporting. CRAN.

Luo Y. 2001. Transient ecosystem responses to free-air CO, enrichment (FACE):
experimental evidence and methods of analysis. New Phytologist 152: 3-8.

Malhi Y, Pegoraro E, Nobre AD, Pereira MG, Grace J, Culf AD, Clement R.
2002. Energy and water dynamics of a central Amazonian rain forest. Journal of
Geophysical Research: Atmospheres 107: LBA 45-1-LBA 45-17.

Martinez Cano I, Muller-Landau HC, Wright SJ, Bohlman SA, Pacala SW.
2019. Tropical tree height and crown allometries for the Barro Colorado
Nature Monument, Panama: a comparison of alternative hierarchical models
incorporating interspecific variation in relation to life history traits.
Biogeosciences 16: 847-862.

McCarroll D, Duffy JE, Loader NJ, Young GH, Davies D, Miles D, Bronk RC.
2020. Are there enormous age-trends in stable carbon isotope ratios of oak tree
rings? The Holocene 30: 1637-1642.

McDowell NG, Bond BJ, Dickman LT, Ryan MG, Whitehead D. 2011.
Relationships between tree height and carbon isotope discrimination. In: Size-
and age-related changes in tree structure and function. Cham, Switzerland:
Springer, 255-286.

Monsi M, Saeki T. 2005. On the factor light in plant communities and its
importance for matter production. Annals of Botany 95: 549-567.

Montgomery RA, Chazdon RL. 2001. Forest structure, canopy architecture, and
light transmittance in tropical wet forests. Ecology 82: 2707-2718.

Nock CA, Baker PJ, Wanek W, Leis A, Grabner M, Bunyavejchewin S, Hietz P.
2011. Long-term increases in intrinsic water-use efficiency do not lead to
increased stem growth in a tropical monsoon forest in western Thailand. Global
Change Biology 17: 1049-1063.

Pan Y, Birdsey RA, Fang J, Houghton R, Kauppi PE, Kurz WA, Phillips OL,
Shvidenko A, Lewis SL, Canadell JG ez 2l 2011. A large and persistent carbon
sink in the world’s forests. Science 333: 988-993.

New Phytologist (2025) 246: 131-143
www.newphytologist.com

New
Phytologist

Pefiuelas J, Canadell JG, Ogaya R. 2011. Increased water-use efficiency during
the 20th century did not translate into enhanced tree growth. Global Ecology
and Biogeography 20: 597-608.

Pons TL, Welschen RA. 2003. Midday depression of net photosynthesis in the
tropical rainforest tree Eperua grandiflora: contributions of stomatal and
internal conductances, respiration and Rubisco functioning. Tree Physiology 23:
937-947.

Poorter L, Bongers F, Sterck FJ, Woll H. 2005. Beyond the regeneration phase:
differentiation of height-light trajectories among tropical tree species. Journal of
Ecology 93: 256-267.

R Core Team. 2023. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing.

Rahman M, Islam M, Gebrekirstos A, Brauning A. 2020. Disentangling the
effects of atmospheric CO, and climate on intrinsic water-use efficiency in
South Asian tropical moist forest trees. Tree Physiology 40: 904-916.

Rahman M, Islam R, Islam M. 2017. Long-term growth decline in Toona ciliata
in a moist tropical forest in Bangladesh: impact of global warming. Acta
Oecologica 80: 8-17.

Rammig A, Lapola DM. 2023. AmazonFACE: a free air CO, enrichment
experiment in the Amazon rainforest is ready to launch. EGU General
Assembly Conference Abstracts. EGU-11338.

Rijkers T, Pons T, Bongers F. 2000. The effect of tree height and light
availability on photosynthetic leaf traits of four neotropical species differing in
shade tolerance. Functional Ecology 14: 77-86.

Rinne-Garmston KT, Helle G, Lehmann MM, Sahlstedt E, Schleucher J,
‘Waterhouse JS. 2022. Newer developments in tree-ring stable isotope
methods. In: Stable isotopes in tree rings: inferring physiological, climatic and
environmental responses. Cham, Switzerland: Springer International, 215-249.

Ryu Y, Berry JA, Baldocchi DD. 2019. What is global photosynthesis?
History, uncertainties and opportunities. Remote Sensing of Environment
223: 95-114.

Saeman JF, Bubl JL, Harris EE. 1945. Quantitative saccharification of wood and
cellulose. Industrial and Engineering Chemistry, Analytical Edition 17: 35-37.

Sage RF, Sultmanis S. 2016. Why are there no C4 forests? Journal of Plant
Physiology 203: 55—68.

Schleser G. 1990. Investigations of the §13C pattern in leaves of Fagus sylvatica
L. Journal of Experimental Botany 41: 565-572.

Schleucher J, Vanderveer P, Markley JL, Sharkey TD. 1999. Intramolecular
deuterium distributions reveal disequilibrium of chloroplast phosphoglucose
isomerase. Plant, Cell & Environment22: 525-533.

Schulman E. 1956. Dendroclimatic changes in semiarid America.

Serk H, Nilsson MB, Bohlin E, Ehlers I, Wieloch T, Olid C, Grover S, Kalbitz
K, Limpens J, Moore T. 2021a. Global CO, fertilization of Sphagnum peat
mosses via suppression of photorespiration during the twentieth century.
Scientific Reports 11: 1-11.

Serk H, Nilsson MB, Figueira J, Wieloch T, Schleucher J. 2021b. CO,
fertilization of Sphagnum peat mosses is modulated by water table level and
other environmental factors. Plant, Cell & Environment 44: 1756-1768.

Sharma B, Fan Z-X, Panthi S, Gaire NP, Fu P-L, Zaw Z. 2022. Warming
induced tree-growth decline of Toona ciliara in (sub-) tropical southwestern
China. Dendrochronologia73: 125954.

Sillett SC, Van Pelt R, Koch GW, Ambrose AR, Carroll AL, Antoine ME,
Mifsud BM. 2010. Increasing wood production through old age in tall trees.
Forest Ecology and Management 259: 976-994.

van der Sleen P, Groenendijk P, Vlam M, Anten NPR, Boom A, Bongers F,
Pons TL, Terburg G, Zuidema PA. 2015. No growth stimulation of tropical
trees by 150 years of CO, fertilization but water-use efficiency increased.
Nature Geoscience 8: 24-28.

van der Sleen P, Zuidema PA, Pons TL. 2017. Stable isotopes in tropical tree rings:
theory, methods and applications. Functional Ecology 31: 1674-1689.

van der Sleen P, Zuidema PA, Pons TL. 2022. Stable isotopes in tree rings of
tropical forests. In: Stable isotopes in tree rings: inferring physiological, climatic
and environmental responses. Cham, Switzerland: Springer International,
631-649.

Song Y, Jiao W, Wang J, Wang L. 2022. Increased global vegetation productivity
despite rising atmospheric dryness over the last two decades. Earth’s Future 10:
€2021EF002634.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

85U80|7 SUOWILIOD aAIIERD 8]qed!|dde a3 Aq peusenob aJe e YO ‘8sn Jo se|nu Joj Ariqi]8uUlUO 43I UO (SUORIPUOD-pUR-SWBH W00 A8 1M AleJq 1 jaul|UO//:SANY) SUORIPUOD Pue SWe 1 8Y3 89S *[9202/80/GZ] U0 Ariqiauliuo AB[IM ‘A1sieAlun %000 sswer Aq 85£02 Udu/TTTT 0T/10p/w00 A8 i Areiqijeutjuo yduy/sdny wouy pepeojumod ‘T ‘SZ0Z ‘LET869VT



New
Phytologist

Stan Development Team. 2024. RS74N: the R interface to Stan. R package
v.2.32.6.

Stephenson NL, Das A, Condit R, Russo S, Baker P, Beckman NG, Coomes D,
Lines E, Morris W, Riiger N. 2014. Rate of tree carbon accumulation
increases continuously with tree size. Nature 507: 90-93.

Sterck F, Schieving F. 2011. Modelling functional trait acclimation for trees of
different height in a forest light gradient: Emergent patterns driven by carbon
gain maximization. Tree Physiology 31: 1024-1037.

Vlam M, Baker PJ, Bunyavejchewin S, Zuidema PA. 2014. Temperature and
rainfall strongly drive temporal growth variation in Asian tropical forest trees.
Oecologia 174: 1449-1461.

Walker AP, De Kauwe MG, Bastos A, Belmecheri S, Georgiou K, Keeling RF,
McMahon SM, Medlyn BE, Moore DJP, Norby RJ ez al. 2020. Integrating
the evidence for a terrestrial carbon sink caused by increasing atmospheric
CO,. New Phytologist 229: 2413-2445.

Webb LJ. 1959. A physiognomic classification of Australian rain forests. The
Journal of Ecology 47: 551-570.

Young SN, Sack L, Sporck-Koehler M], Lundgren MR. 2020. Why is C4
photosynthesis so rare in trees? Journal of Experimental Botany71: 4629—4638.

Zuidema PA, Heinrich I, Rahman M, Vlam M, Zwartsenberg SA, van der Sleen
P. 2020. Recent CO; rise has modified the sensitivity of tropical tree growth to
rainfall and temperature. Global Change Biology 26: 4028-4041.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Farquhar simulations of V;, V, and photosynthesis.
Fig. S2 Distribution of DBH against C, for included samples.

Fig. $3 Reaction scheme illustrating the synthesis of glucose deri-
vatives from cellulose.

Fig. $4 Deuterium NMR spectrum.

Fig. S5 Visualization of potential parameter combinations based
on priors.

Fig. S6 Density plots of the posterior distribution and trace plots
for gMM model.

Fig. S7 Posterior probability against posterior draws.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

Research

Fig. S8 Predictions for site specific models.

Fig. 89 Predictions for the gMM model based on sample means.
Fig. $10 C, effects on the 1/C, axis.

Fig. S11 Tree architecture of Toona ciliata.

Fig. S12 Graphical comparison between gMM model and alter-
native models.

Fig. $13 Joint effects of C, and DBH based on linear and log-lin-

ear model.

Fig. S14 Farquhar simulation of photosynthesis.

Fig. $15 G and iWUE estimates based on '°C isotopes.

Fig. $16 Trends in climate data.

Methods S1 Glucose derivative preparation for deuterium NMR.
Methods S2 Statistical model description.

Table S1 Model comparison.

Table S2 Estimates for the generalized mixed Michaelis—-Menten
model.

Table S3 Estimates for alternative models.

Table S4 Estimates for site specific models.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the

New Phytologist Central Office.

Disclaimer: The New Phytologist Foundation remains neutral with regard to
jurisdictional claims in maps and in any institutional affiliations.

New Phytologist (2025) 246: 131-143
www.newphytologist.com

85U80]7 SUOWILIOD BAIIERD 8]qed||dde a3 Aq peusenob aJe sspie YO ‘8sn Jo sa|ni Joj Ariq1]8UIIUO 43I UO (SUORIPUOD-pUR-SWBH W00 A8 1M AleJq 1 aul|UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/80/GZ] U0 Ariqiauliu AB[IM ‘AIsieAlun %000 sswer Aq 85£0z Udu/TTTT 0T/10p/w00 A8 i Areqijeutjuo yduy/sdny wouy pepeojumod ‘T ‘G:



	Outline placeholder
	 Summary
	 Introduction
	 Materials and Methods
	 Study sites and study species description
	 Sampling design
	 Sample preparation for NMR isotopomer measurements
	 Climate data
	 Model description and statistical inference

	 Results
	 Atmospheric CO2 increases photosynthetic efficiency
	 Crown exposure decreases photosynthetic efficiency
	 Combined effects of Ca and tree size

	 Discussion
	 Methodological limitations
	 Interpreting Ca effects on D6SR isotopomer ratios
	 Effect of tree size on D6SR isotopomer ratio
	 Effects of climate on D6SR isotopomer ratio
	 Concluding remarks and future outlook

	 Acknowledgements
	 Competing interests
	 Author contributions
	 References
	Supporting Information


