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Summary

� Tropical forests substantially inßuence the terrestrial carbon sink. Their contributions to the
forest carbon sink may increase due to the stimulation of photosynthesis by rising atmospheric
CO2 (Ca); however, the magnitude of this effect is poorly quantiÞed for tropical canopy trees.
� We measured the ratio of two deuterium isotopomers of glucose derived from tree rings to
estimate how photosynthetic efÞciency (photorespiration-to-photosynthesis ratio) has
responded toCa rise at a centennial scale. Wood samples were obtained fromToona ciliata
trees from three climatically distinct forests in Asia and Australia. We applied Bayesian mixed
effect models to test how the isotopomer ratio changes withCa, tree diameter (as a proxy for
crown exposure), temperature, and precipitation.
� Across all sites, long-termCa rise increased photosynthetic efÞciency, likely due to increased
photosynthesis and the concurrent suppression of photorespiration. Increasing tree size
reduced photosynthetic efÞciency, likely due to reduced leaf internal CO2 at higher irradiance
and stronger hydraulic limitation. Associations of photosynthetic efÞciency with temperature
and precipitation were inconclusive.
� Our study reveals a centennial-scale association between photosynthetic efÞciency and
increasingCa in canopy trees and provides a new and independent line of evidence forCa-
induced stimulation of photosynthetic efÞciency in tropical forests.

Introduction

Rising atmospheric CO2 (Ca) is rapidly changing the climate of
our planet.Ca 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 CO2 levels, a phenom-
enon known as CO2 fertilization (Walkeret al., 2020). Photo-
synthesis is the driver of the largest ßux of carbon between the
atmosphere and the biosphere (Keenan & Williams,2018; Ryu
et al., 2019), and the effects of CO2 on photosynthesis are studied
from leaf to global levels. Multiple lines of empirical evidence sug-
gest risingCa has likely increased global terrestrial gross primary
production (GPP) (Campbellet al., 2017; Cernusaket al., 2019;
Walkeret al., 2020), by as much as 13.5% between 1981 and
2020 (Keenanet al., 2023). Tropical forests make up a third of glo-
bal terrestrial GPP (Beeret al., 2010) and global biomass produc-
tion (Panet al., 2011), and account for half of the global forest

carbon sink (Bonan,2008). Understanding the response of tropical
forests to risingCa is therefore relevant, as risingCa may alter these
contributions. Forests may be particularly responsive toCa rise, as
virtually all tree species use the C3 photosynthetic pathway (Sage &
Sultmanis,2016; Younget al., 2020) and risingCa is expected to
have the strongest effect on C3 photosynthesis (Lambers &
Oliveira,2019). A better understanding ofCa on canopy trees is
especially important as the upper canopy layer of a forest accounts
for a large fraction of total photosynthesis (Lamouret al., 2023).
However, experimental evidence for tropical canopy tree responses
to CO2 is still missing, as tropical forest free air CO2 enrichment
(FACE) experiments have yet to start (Lapola & Norby,2014;
Rammig & Lapola,2023).

CO2 fertilization of the C3 pathway works through the enzyme
Rubisco, which can bind CO2 (carboxylation), or O2 (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 (Vo) to that of carboxylation
(Vc) decreases with increasing CO2 concentration in the chloro-
plast (Cc) (Lambers & Oliveira,2019). As Cc increases with
increasingCa, risingCa 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 fromδ13C iso-
topes measured on tree rings.δ13C measurements can be used to
infer changes in average leaf internal CO2 (Ci) and tree intrinsic
water use efÞciency (iWUE), which is deÞned as the ratio of net
photosynthesis to stomatal conductance of water (An/gw) (Franks
et al., 2013; van der Sleenet al., 2017). In tropical forests,Ci and
iWUE are often found to increase withCa (Pe÷nuelaset al., 2011;
van der Sleenet 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 decreasingCi (Brienenet al., 2017), which
can be caused by increased photosynthetic drawdown of CO2

due to higher canopy exposure (Farquharet al., 1980, 1982) or
lower stomatal conductance due to hydraulic limitation (McDo-
well et al., 2011). It is thus important to take tree size into
account when studying the role ofCa and climate on photosynth-
esis. Based on C3 enzyme kinetics andδ13C studies, tropical
canopy tree photosynthesis should have increased withCa. Yet,
isotopic studies do not provide direct evidence of changes in
photosynthesis (independent of water processes) with long-term
risingCa in tropical canopy trees.

Next to Ca, climatic growing conditions are also expected to
inßuence the ratio between photosynthesis and photorespiration.
High leaf temperatures are known to decrease photosynthetic efÞ-
ciency due to a faster decrease in the solubility of CO2 vs O2, and a

decline in Rubisco speciÞcity leading to higher rates ofVo com-
pared to Vc (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 (Doughtyet 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 & Welschen,2003). Pre-
cipitation is expected to inßuence photosynthetic efÞciency directly
through its positive association withCi (Brienenet al., 2011), or
indirectly as stomatal closure decreases leaf cooling via transpira-
tion, thereby increasing leaf temperatures (Doughtyet al., 2023).

We studied the effects of centennial-scaleCa rise and climate on
tropical tree photosynthetic efÞciency (the photorespiration-to-
photosynthesis ratio) based on tree rings in three tropical forests
using the isotopomer ratio D6S: D6R, hence referred to as D6SR.
D6SR is 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 (Ehlerset al., 2015). D6S is produced during photore-
spiration and D6R during photosynthesis (Fig.1b). The D6SR
ratio thus directly reßects the relative rates of photorespiration and
photosynthesis as they occur in the leaf. We refer to the D6SR ratio
as Ôphotosynthetic efÞciencyÕ, as the changes in photosynthesis vs
photorespiration cannot be separated. Note that a higher photosyn-
thetic efÞciency corresponds to a lower value of the D6SR ratio
(Fig. 1a). The photosynthetic efÞciency derived from D6SR has
been shown to increase in response to CO2 in multiple crops and
sphagnum moss under experimental and historicalCa rise (Ehlers
et al., 2015; Serket al., 2021a,b). However, the potential to study
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Fig. 1 Studying long-termCa-induced shifts in photosynthetic efÞciency (photorespiration/photosynthesis) using the ratio of D6S and D6R glucose
isotopomers. RisingCa levels decrease the photorespiration-to-photosynthesis ratio (a, left axis), but these are hard to quantify over long historical periods
of Ca rise. Shifts in this ratio can be chemically reconstructed from glucose isotopomers: (b) variations of glucose molecules that differ in the positionof
deuterium (2H). The ratio between D6S and D6R (a, right axis) reßects 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 efÞciency under centennial-scaleCa 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-termCarise on trees.

UsingToona ciliataM. Roem (Meliaceae), an Australasian tro-
pical tree species, we test three hypotheses: (1)Ca has increased
photosynthetic efÞciency through its positive effects onCi

(decreasing the ratio of photorespiration to photosynthesis), evi-
denced by a decrease in the D6SR ratio (Fig.1a); (2) photosyn-
thetic efÞciency decreases with stem diameter, a proxy for tree
height and canopy light exposure, reßected by an increasing
D6SR ratio; and (3) photosynthetic efÞciency decreases with
temperature and increases with precipitation, related to an
increase and a decrease in D6SR, respectively. Additionally, we
use our results to simulate the combined effects of diameter and
Ca rise on photosynthetic efÞciency. These simulations illustrate
how photosynthetic efÞciency may have changed in tropical trees
growing under increasingCa levels over the past century. This
study adds an independent line of evidence to the ongoing dis-
cussion on the effects ofCa rise on tree physiology and is the Þrst
to apply the D6SR-based reconstruction of photosynthetic efÞ-
ciency to study the effects of centennialCa rise in trees.

Materials and Methods

Study sites and study species description

We tested our hypotheses using tree-ring samples ofToona ciliata
M. Roem (Meliaceae), a deciduous tree species distributed in

seasonal forests from subtropicalChina to subtropical Australia
(Fig. 2a). Toona ciliatatypically has a leaßess period ranging from
several weeks (Rahmanet al., 2017) to several months in the dry sea-
son (Heinrich & Banks,2005; Vlamet al., 2014). Toona ciliatais
classiÞed as a shade-intolerant, long-lived pioneer tree (Herwitz
et al., 1998), reaching ages of over 180 yr (Zuidemaet al., 2020).
The species produces growth rings that can be reliably dated (Hein-
rich et al., 2008, 2009; Vlam et al., 2014; Rahmanet al., 2017;
Sharmaet al., 2022), making it suitable to evaluate changes in phy-
siology in response to climate andCaacross 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 classiÞed 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 classiÞed 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 (Vlamet al., 2014). The site in Bangladesh is
classiÞed as a tropical semi-evergreen forest, with slightly acidic
soils (Rahmanet 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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Fig. 2 Sampling design. (a) The distribution of registered observations ofToona ciliata (crosses; GBIF.org,2022) and the three sampling locations. (b) The
calendar years (upperx-axis) andCa (lower x-axis) values included in all samples and all sites. Our sampling design aimed to obtain wood at equidistantCa,
if possible. The differing lengths of the bars are due to differences in the rate ofCa 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 (Tday), and growing season precipitation for all sites. For boxplots, the central line represents the median, the edges of the
boxes indicate the 25th and 75th percentiles, and the whiskers extend to the 5th and 95th percentiles. Outliers, if present, are shown as individual points.
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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 Þve samples along the life
of the tree (Fig.2b). The number of samples per tree varied
between three and Þve depending on the age of the tree (Fig.2b)
and covered 25–95 yr 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 20–114 cm in DBH and
298–405 ppm inCa (Fig.S2). Each sample was re-measured Þve
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 (Betsonet 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 equidistantCa levels
(Fig. 2b), asCa is the variable of interest. The Þrst 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 Sleenet 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 Þeld 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 Saemanet al. (1945) with modiÞcations introduced
by Betsonet al. (2006) and Schleucheret al. (1999) to improve
yield and reproducibility. Glucose was transformed into a glucose
derivative suitable for deuterium NMR measurements following
Betsonet al. (2006) (Fig.S3, details in MethodsS1).

Deuterium NMR spectra were measured using an AVANCE
III 850 spectrometer (Bruker) equipped with a cryogenic probe
optimized for deuterium detection and equipped with a19F

lock. Deuterium NMR spectra were integrated by deconvolu-
tion with a Lorentzian line shape, using the TOPSPIN software
(v.3.6.4; Bruker). The D6SR isotopomer ratio was determined
as the ratio of the integrals of the D6S and D6R signals
(Fig. S4). For each sample, Þve 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 Tmin, Tmax, and precipitation, to deÞne climatic
covariates for each sample in all sites.Ca data were based on ice
core data for the period 1900–1958 (Etheridgeet 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 deÞned as
all months with> 100 mm precipitation (Malhiet 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, asT. ciliatais known to avoid the dry sea-
son with a leaßess period. Leaßess periods vary in length across
sites, depending on climatology (Heinrich & Banks,2005; Vlam
et al., 2014; Rahmanet 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 (Tday) deÞned as:

Tday=
1
3

� Tmin þ
2
3

� Tmax Eqn 1

Climate andCa 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 D6SR 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; Poorteret al., 2005;
Brienenet al., 2022), increased air and leaf temperature (Hinck-
ley et al., 2011), and increased hydraulic demands (Barnard &
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Ryan, 2003; Koyama et al., 2021; Fern«andez-de-U÷na
et al., 2023). All of these microclimatic changes are expected to
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 decreasingCi) with tree dia-
meter (McDowellet al., 2011; Brienenet al., 2017). To model
the potential asymptotic effects of diameter (Hypothesis 2) on
D6SR, we implemented a generalized Michaelis–Menten func-
tion (gMM) (see Mart«õnez Canoet al., 2019), earlier described
by Kepner (2010) for any system with saturating behaviour:

D6SR=
a � diameter
b þ diameter

Eqn 2

wherea, the asymptote, is the D6SR ratio a tree attains when it is
fully exposed (large diameter, in the absence of any other varia-
tion) and b, 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 inCa, Tday, and
precipitation were associated with the maximum D6SR ratio (a)
by allowing the asymptote to vary with these covariates. The
model included a nested random effect structure on the intercept
for botha andb 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 EqnsS1.1–S1.3, MethodsS2). This random
effect structure effectively controls for pseudo-replication (i.e.
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, (Ehlerset al., 2015), we also Þt all models using the

mean value of observations per sample (Table1). 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 (MethodsS2, EqnsS2, S3). Model perfor-
mance was evaluated and compared using WAIC, LOOIC, and
R2. Model performance was similar for all tested models
(TableS1), 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 inßated certainty. Esti-
mates for alternative models and models based on sample means
are presented in Table1 and TablesS2, S3.

We Þtted the model in STAN (Carpenteret al., 2017), with its
interface in R (v.4.3.1; R Core Team,2023) via the packages
BRMS (v.2.20.4; B¬urkner, 2017) and RSTAN (v.2.32.6; Stan
Development Team,2024). We incorporated weakly informative
priors for both Þxed and random effects (MethodsS2; Fig.S5).
The model coefÞcients were estimated using four Markov chains
with 4000 iterations each, and the Þrst 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 (Gelmanet al., 2013). Goodness-of-Þt was
assessed using posterior predictive model checks (Conn

Table 1 Estimates of the Þxed effects for the generalized mixed Michaelis–Menten model (EqnsS1.1–S1.3), and for the linear and log-linear mixed models
(EqnsS2–S4).

Parameter
Michaelis–Menten
(full)

Michaelis–Menten
(means) Linear (full) Linear (means) Log-linear (full) Log-linear (means)

Diameter
asymptote

1.016 (0.908,
1.109)

1.012 (0.899, 1.101) – – – –

Diameter
half-saturation

0.890 (0.224,
2.144)

0.736 (0.204, 1.835) – – – –

General intercept – – 0.999 (0.767,
1.185)

0.998 (0.808,
1.160)

0.999 (0.835,
1.135)

0.999 (0.811, 1.146)

Diameter – – 0.008 (� 0.002,
0.019) 94%

0.006 (0.000,
0.012) 98%

– –

Log diameter – – – – 0.007 (� 0.001,
0.016) 96%

0.006 (0.001, 0.011)
99%

Ca � 0.009 (� 0.017,
� 0.001) 99%

� 0.008 (� 0.013,
� 0.003) 100%

� 0.009 (� 0.020,
0.001) 96%

� 0.009 (� 0.016,
� 0.002) 99%

� 0.009 (� 0.018,
0.000) 97%

� 0.008 (� 0.014,
� 0.003) 100%

Tday 0.013 (� 0.019,
0.069) 83%

0.017 (� 0.006,
0.052) 92%

0.015 (� 0.018,
0.072) 83%

0.020 (� 0.005,
0.057) 93%

0.011 (� 0.019,
0.067) 79%

0.018 (� 0.005,
0.054) 93%

Precipitation 0.003 (� 0.007,
0.014) 71%

0.004 (� 0.002,
0.011) 91%

0.001 (� 0.009,
0.012) 58%

0.002 (� 0.005,
0.008) 69%

0.001 (� 0.009,
0.012) 59%

0.002 (� 0.004,
0.008) 72%

All models were Þtted 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 reßects 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 estimatesfor
random effects can be found in Supporting Information TablesS2and S3.
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et al., 2018; Gabryet al., 2019), which compares observed data
to simulated predictions (Fig.S7). We report the median of pos-
terior parameter estimates with 95% credible intervals (CIs) com-
puted using quantiles based on theEASYSTATSpackage (v.0.7.0;
L¬udeckeet al., 2022). For Þxed effects, we also report the poster-
ior probability (PP) using Bayesian hypothesis testing in theEASY-

STATSpackage (v.0.7.0; L¬udeckeet al., 2022). The PP reßects 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 CIs
exclude zero, or if the PP is higher than 95%.

Results

Atmospheric CO2 increases photosynthetic efÞciency

Photosynthetic efÞciency increased (i.e. a decrease in the
photorespiration-to-photosynthesis ratio) with increasingCa over
the last 110 yr and this association was consistently observed
across the three climatically distinct sites (TableS4; Fig.S8). Ca

increased by 125 ppm (c. 36%) in the covered study period
(1905–2016). This increase inCa was negatively associated with
D6SR with a slope of� 0.009 (� 0.017, � 0.001) and a PP of
99% indicating a high probability that the slope is negative
(Table1; Fig.3a). We Þnd the same slope forCa using the linear
and log-linear models with a PP of 96% and 97%, respectively
(Table1). PP values for inference based on sample means are
higher for all models, indicating that estimate uncertainty is
mostly rooted in NMR measurement variability (Table1).
Results are thus robust to assumptions on the shape of the dia-
meter effect and to the inclusion of re-measurement or preaver-
aging (Table1; Fig.S9). These results support Hypothesis 1 that
the ratio of photorespiration to photosynthesis decreases with
increasingCa (see Fig.S10for theCa association with the 1/Ca

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 D6SR with precipitation, as revealed by a slope of
+0.003 (� 0.007,+0.014) and a PP of 71% (Fig.3C), nor with
Tday, 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 (Table1).

Crown exposure decreases photosynthetic efÞciency

We found that increasing tree size is associated with a reduction
in photosynthetic efÞciency 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 D6SR saturates around a DBH of 60 cm and reaches an
asymptote of 1.016 (+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

mean DBH at which trees reached the asymptote coincides with
the diameter at whichT. 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; Table1), with higher
conÞdence for the models based on sample means (PP: 98% and
PP: 99%). Across the three tested models, LOOIC and WAIC
scores were similar, and explainedc. 64% of the variation in the
data, with Þxed effects explainingc. 33% (TableS1).

Combined effects ofCa and tree size

The association between diameter andCa on D6SR work in
opposite directions, complicating the interpretation ofCa effects.
To illustrate this, we explored the joint effects of diameter andCa

using simulations from the gMM model (Fig.4), and the alterna-
tive linear and log-linear models (Fig.S13). Under different con-
stant levels ofCa, the D6SR asymptote shifts down with higher
Ca levels, consistent with an increase in photosynthetic efÞciency
(Fig.4a). If we allow diameter andCa to increase concurrently, to
mimic the development of trees under increasingCa, D6SR
increases with diameter but no longer reaches an asymptote
(Fig.4b). In this scenario, a maximum value of D6SR is reached
at c. 60 cm DBH, corresponding to the maximum decrease in
photosynthetic efÞciency. After reaching a maximum, D6SR
decreases again, implying improved photosynthetic efÞciency
with risingCa, 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 andCa

(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 risingCa, tree size, and cli-
mate. D6SR isotopomers are a relatively new method (Ehlers
et al., 2015; Serket al., 2021a,b), and this is the Þrst study using
D6SR to assess photosynthetic responses toCa for trees. This
study adds an independent line of empirical evidence demon-
strating changes in tree physiology in response to increasingCa.
We found thatCa increases photosynthetic efÞciency, reßected
by a negative association of D6SR withCa, while tree diameter,
as a proxy for canopy exposure, decreased photosynthetic efÞ-
ciency.

Methodological limitations

This study marks the Þrst 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
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certainty of the parameter estimates, as shown by the stronger
PPs and narrower CIs when using sample means compared with
using all observations for inference (Table1). 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 Þve re-measurements were
conducted. In addition to measurement error, there is also a large
variation in D6SR between individual trees, and across the time
series. This may be expected as the crown of each tree has a

unique position in the forest canopy, with a unique (and
unknown) history. This inßuences canopy light exposure, leaf
temperature, and stomatal conductance. The effect of diameter
on D6SR indeed suggests that canopy exposure is an important
driver of photosynthetic efÞciency. Natural forest dynamics (e.g.
branch fall, liana infestation, and canopy openings) can also
inßuence canopy exposure, and thus the D6SR ratios. To reduce
the effect of differences between trees, we chose to analyse the
time series of D6SR for individual trees and include individual
trees as a random variable. Yet, D6SR values within trees remain
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Fig. 3 Predicted effects of atmospheric CO2 (Ca) (a), diameter (crown exposure, b), and climate (c, d) on the photorespiration-to-photosynthesis ratio
(D6SR) forToona ciliata from three sampling sites (colours). Thick continuous lines indicate the predicted mean of the consistent associations (credible
interval (CI) excludes zero and posterior probability (PP)> 95%), thick dashed lines are the predicted mean of effects that are not consistently associated
(CI includes 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 ), Table1), predictions for the gMM model estimated on sample means are available in Supporting
Information Fig. S9.
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highly variable. Thus, measurements of D6SR of natural forest
trees appear to be inherently more variable than those in agricul-
tural or experimental systems (Ehlerset 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 conÞrm our Þndings. As D6SR is a rela-
tively new method (Ehlerset al., 2015; Serket al., 2021a,b),
downstream fractionation of D6SR from leaf to wood, as seen
for 13C isotopes (Gessler & Ferrio,2022), has not yet been stu-
died. We expect downstream fractionation might be limited as
both D6S and D6R 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 inßuence
our estimates ofCa and diameter effects.

Interpreting Ca effects on D6SR isotopomer ratios

The effect ofCa rise on plant productivity is generally expected to
be positive. In line with Hypothesis 1, we found that D6SR is
negatively associated withCa, corresponding to an increase in
photosynthetic efÞciency. Increases in forest canopy photosynth-
esis withCa 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 increasedCa (Ainsworth & Long,2005;
Ellsworthet al., 2017; Jianget al., 2020), without any apparent
changes in canopy transpiration (Gimenoet al., 2018). However,

all FACE experiments implement a stepwise increase inCa, which
does not reßect 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-derived13C isotope studies show consistent increases in
iWUE in tropical trees (Hietzet al., 2005; Brienenet al., 2011;
Nock et al., 2011; van der Sleenet al., 2015; Rahmanet al.,
2020), which can be due to an increase in photosynthesis, a
reduction in water use, or both. To evaluate the physiological
effects ofCa, the proxy of photosynthetic efÞciency based on
D6SR has an advantage over that of iWUE based on13C iso-
topes, as it directly reßects photosynthetic processes and enzymes
involved in the photorespiratory and photosynthetic pathway
(Rinne-Garmstonet al., 2022) and is not inßuenced by the com-
plex dynamics of stomatal conductance.

As D6SR is a new proxy, we place our results in a broader per-
spective by calculatingβ values of responses toCa of D6SR,
Vo/Vc, Ci, and iWUE following Walkeret al. (2020). Theseβ
estimates provide scaled values for the effect size ofCa rise, allow-
ing comparison between studies using similar indices but differ-
ent study designs. Aβ estimate of 1 (or� 1) indicates a direct
proportionality of theCa response; values greater than one sug-
gest a stronger response, while values less than one indicate a
weaker response. For theCa effect on D6SR, we Þndβ= � 0.094
(for median-sized trees), which is slightly lower thanβ values for
annual plants (Ehlerset al., 2015). The decreased D6SR ratio
with risingCa can be caused by suppression of photorespiration
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Fig. 4 Predictions of joint effects of diameter andCa on the photorespiration-to-photosynthesis ratio (D6SR) inT. ciliata. Simulations were done using the
gMM model presented in this study under (a) different constantCa levels using a stepwise increase from 300 ppm (year) to 400 ppm (year), and (b) the
effects of a simultaneous (constant) increase in diameter and 120 yr of observed historicCa rise (based onCa data). These same simulations are also
presented based on the alternative linear and log-linear model in Supporting Information Fig.S13, both of which show similar patterns for the joint effects
of Ca and diameter.
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(oxygenation), increasing photosynthesis (carboxylation), or a
combination of both. Based on photosynthetic modelling with
Þxed photosynthetic parameters (Fig.S14; Farquharet al., 1980;
Farquhar & Sharkey,1982; Farquhar & Von Caemmerer,1982),
a 36% increase inCa (this study) andCi, leads to a 26% decrease
in Vo/Vc (β= � 0.98), coupled with a 32% increase in gross
photosynthesis (β=+0.90). This theoretical decrease inVo/Vc is
mostly driven by a strong increase in carboxylation and a smaller
concomitant decrease in oxygenation (Fig.S1). Empirically,
D6SR correlates strongly withVo/Vc for sunßowers in an experi-
mental setting (Ehlerset al., 2015). If we assume this same
empirical relationship for our study, our D6SR results translate
into an 18% decrease inVo/Vc (31% lower than expected,
β= � 0.64), which would lead to a 22% increase in gross photo-
synthesis (same 31% lower,β=+0.64). Theseβ values are simi-
lar to those for GPP from other studies (Walkeret al., 2020).
Finally, 13C isotope measurements for one of our study sites
(Thailand; van der Sleenet al., 2015) show a 44% increase inCi

(β=+1.20) and a 23% increase in iWUE (β=+0.68) for
T. ciliatatrees of 27 cm DBH in response to the same 36%Ca

rise (Fig.S15). Taken together, the similarity of observed and
theoretical increases inCi, photosynthetic efÞciency, and iWUE
provide empirical evidence thatCa 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 et al., 2022), temperature (Hinckley
et al., 2011) and hydraulic demands (Koyamaet al., 2021; Fern«a-
ndez-de-U÷na et al., 2023), which may result in changes in the
ratio of photosynthesis to photorespiration. Following Hypoth-
esis 2, that canopy exposure reduces photosynthetic efÞciency, we
found that D6SR increases with tree diameter, analogous to a
decreased photosynthetic efÞciency. 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
D6SR and tree size. Assuming a saturating relationship, D6SR
approaches an asymptote atc. 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 with13C studies, which
often Þnd a decrease inCi with tree height at the leaf and stem
level (McDowellet al., 2011) and also support the asymptotic
change, as is often found for the association between iWUE and
tree diameter (Brienenet al., 2017), although a strong ontoge-
netic effect is not always observed for temperate light-sensitive
species (McCarrollet al., 2020). 13C measurements forT. ciliata
in our Thailand site show thatCi is consistently lower in canopy
trees than in subcanopy trees, and this offset remains across a
range ofCa (Fig. S15B) (van der Sleenet al., 2015). Decreasing
Ci is expected to decrease photosynthetic efÞciency (Farquhar

et al., 1980) (Fig.S1A), coinciding with the observed increase in
D6SR. The decrease in leaf internalCi based on13C, as well as
the decreased photosynthetic efÞciency found in this study, could
be explained by stomatal closure (due to hydraulic limitations;
McDowellet al., 2011) and by increased rates of photosynthesis
causing reduction inCi (photosynthetic drawdown; Francey &
Farquhar,1982; Lloydet al., 2009). Canopy exposure plays a key
role as photosynthetic efÞciency decreases with diameter; how-
ever, this does not imply that net photosynthesis (Rijkers
et al., 2000; Kenzoet al., 2006; Sterck & Schieving,2011;
Lamouret al., 2023) and growth (Sillettet al., 2010; Stephenson
et al., 2014) also decrease with tree size.

The associations of D6SR with diameter andCa were oppos-
ing, complicating the interpretation ofCa effects for trees, as all
extant large trees will have grown from juvenile to adult across a
gradient ofCa. Using simulations from our gMM model, we
found that a ÔhypotheticalÕ tree with a constant diameter incre-
ment, growing under exponentialCa rise (data from past cen-
tury), will Þrst experience a decrease in photosynthetic efÞciency,
resulting in a maximum D6SR (atc. 60 cm), after whichCa starts
increasing photosynthetic efÞciency (Fig.4). With increasing tree
diameter (and thus crown exposure), photosynthesis likely shifts
from light-limited to carboxylation-limited, due to high light
exposure (Farquharet 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 efÞ-
ciency withCa 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
13C-basedCi with tree height for multiple (tropical) angiosperm
species (McDowellet al., 2011) suggests that a similar decrease in
photosynthetic efÞciency with canopy exposure may be expected
for other broadleaf tree species. The effect of diameter onCi in
stem wood reßects the signature of the upper canopy layer (Schle-
ser,1990; Brienenet al., 2017), suggesting that the upper canopy
layer produces the majority of photosynthates used in stem wood
formation (Lamouret al., 2023). This has important implications
for the effects of futureCa rise, as, based on our results, photore-
spiration may be highest in the upper canopy layer. We therefore
expect CO2 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 (Serket al., 2021b),
photosynthetic theory (Lambers & Oliveira,2019), and13C iso-
topes (van der Sleenet al., 2022), we expected photosynthetic
efÞciency 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 efÞciency, 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 observedCa effects could be decreased
by long-term increases inTday; this is, however, unlikely given
that a historical increase inTdaywas 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 efÞciency ofT. ciliata
trees increased in association with ongoing anthropogenicCa

rise while increasing tree diameter decreased photosynthetic efÞ-
ciency. This study adds an independent line of empirical evi-
dence for aCa-induced increase in the photosynthetic efÞciency
of tropical forest canopies, in addition toCi rise from tree-ring
13C isotopic studies (van der Sleenet al., 2022), GPP rise from
carbonyl sulphide (COS) measurements (Campbellet al., 2017;
Cernusaket al., 2019), and GPP rise from remotely sensed
solar-induced Chl ßuorescence (SIF; Songet 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 forCi, direct for the others). To our knowledge,
isotopomers are currently the only method available to estimate
changes in photosynthetic efÞciency at centennial scale, for spe-
ciÞc 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-termCa rise in trees. (1) Disen-
tangling the effects of crown exposure andCa 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
Þxed diameter classes from small to large DBH, that grew over a
gradient ofCa (following van der Sleenet al., 2015). (2) The
effects of canopy exposure on D6SR 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 (Vo/Vc) can be further explored
by measuring leafVo/Vc 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 soin 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
Þndings for other (tropical) tree species needs to be established.
The strength of theCa effect and the shape of the diameter curve
may differ, due to differences in shade tolerance, deciduousness,

and strategies of stomatal control. Thus, future studies on D6SR
would beneÞt from including a range of different tree species to
study howCa rise has and will inßuence tree photosynthesis and
productivity of tropical forests.
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Data availability

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