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Introduction

Summary

Tropical forests substantially inBuence the terrestrial carbon sink. Their contributions to the
forest carbon sink may increase due to the stimulation of photosynthesis by rising atmospheric
CO,, (C,); however, the magnitude of this effect is poorly quantibed for tropical canopy trees.

We measured the ratio of two deuterium isotopomers of glucose derived from tree rings to
estimate how photosynthetic efbciency (photorespiration-to-photosynthesis ratio) has
responded to C, rise at a centennial scale. Wood samples were obtained froffoona ciliata
trees from three climatically distinct forests in Asia and Australia. We applied Bayesian mixed
effect models to test how the isotopomer ratio changes withC,, tree diameter (as a proxy for
crown exposure), temperature, and precipitation.

Across all sites, long-ternC, rise increased photosynthetic efbciency, likely due to increased
photosynthesis and the concurrent suppression of photorespiration. Increasing tree size
reduced photosynthetic efpciency, likely due to reduced leaf internal CQat higher irradiance
and stronger hydraulic limitation. Associations of photosynthetic efbciency with temperature
and precipitation were inconclusive.

Our study reveals a centennial-scale association between photosynthetic efbciency and
increasingC, in canopy trees and provides a new and independent line of evidence fag,-
induced stimulation of photosynthetic efbciency in tropical forests.

carbon sink (Bona008. Understanding the response of tropical
forests to risin@, is therefore relevant, as risignay alter these

Rising atmospheric GQC,) is rapidly changing the climate of contributions. Forests may be particularly responsBggise, as
our planetC,rise is expected to increase the carbon sink of ternd@stually all tree species use thpltosynthetic pathway (Sage &
trial ecosystems, thereby reducing the rate of climate change. TBeltmanis2016 Younget al, 2020 and risingC, is expected to
expectations are based on the understanding that photosyntihesis the strongest effect og fhotosynthesis (Lambers &
increases in response to elevated ambiente@&s, a phenom- Oliveira,2019. A better understanding 6f, on canopy trees is

enon known as CPfertilization (Walkeet al, 2020. Photo-

synthesis is the driver of the largest Bux of carbon betweenfdne large fraction of total photosynthesis (Larabal, 2023.

atmosphere and the biosphere (Keenan & Willia6i8 Ryu

et al, 2019, and the effects of G®n photosynthesis are studiedto CO, is still missing, as tropical forest free aip E@ichment
from leaf to global levels. Multiple lines of empirical evidence s@BACE) experiments have yet to start (Lapola & Na&®y4
gest risingz, has likely increased global terrestrial gross prim&ammig & Lapola2023.

production (GPP) (Campbaedt al, 2017 Cernusalet al, 2019

CO, fertilization of the gpathway works through the enzyme

Walkeret al, 2020, by as much as 13.5% between 1981 anBubisco, which can bind GQ@carboxylation), or ©(oxygena-
2020 (Keenast al, 2023. Tropical forests make up a third of glo-tion) (Lambers & Oliveira2019 (Supporting Information
bal terrestrial GPP (Bestral, 2010 and global biomass produc- Fig. S1). Oxygenation is followed by the photorespiratory path-
tion (Panet al, 2011, and account for half of the global forestway, which uses energy and causes carbon loss ZB26ch,
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especially important as the upper canopy layer of a forest accounts

However, experimental evidence for tropical canopy tree response:
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The ratio of the rate of oxygenatidfy)(to that of carboxylation decline in Rubisco specibcity leading to higher ratg¢scoim-
(Vo) decreases with increasing,@0Oncentration in the chloro- pared toV, (Brooks & Farquhar1985. These biochemical
plast C) (Lambers & Oliveira2019. As C. increases with changes lead to a proportional increase in photorespiration at h
increasing:,, risingC, is expected to have reduced the ratio aemperatures (Lambers & Oliveie®19. Leaf temperatures of
photorespiration to photosynthesis for tropical trees at the l&apical forest trees are typically high (Doughét, 2023, likely
level (Figlg. So far, the scarce empirical evidence indicativele&ding to the high rates of photorespiration as observed in tropiga
changes in photosynthesis in tropical trees come&*fi@nso-  forests (Doughty2011), and increased energy partitioning to 3
topes measured on tree rid3C measurements can be used tghotorespiration with leaf warming (Pons & Wels@@88. Pre-
infer changes in average leaf interngl (@) and tree intrinsic  cipitation is expected to infRuence photosynthetic efpciency dire
water use efbciency (IWUE), which is debned as the ratio of thebugh its positive association with(Brienenet al, 2011, or
photosynthesis to stomatal conductance of watgg)((Franks indirectly as stomatal closure decreases leaf cooling via trans
et al, 2013 van der Sleest al, 2017). In tropical forests;; and  tion, thereby increasing leaf temperatures (Doagaky2023.
IWUE are often found to increase wh(Peruelaset al, 2011, We studied the effects of centennial-§;alee and climate on
van der Sleegt al, 2015 2017). The rise in IWUE can be attrib- tropical tree photosynthetic eéay (the photorespiration-to-
uted to increased photosynthesis, decreased transpiration, ginotosynthesis ratio) based on tree rings in three tropical for
combination of both. However, iWUE also increases with tresing the isotopomer ratio BD6R, hence referred to as D6SR.
height, coupled with decreasgBrieneret al, 2017), which  D6SR is the ratio between two isotopomers of glucose that differs
can be caused by increased photosynthetic drawdown, of Gl position of a deuterium on the sixth carbon (g -The shift
due to higher canopy exposure (Fargahat, 198Q 1982 or  in positions is related to the different enzymes that construct an
lower stomatal conductance due to hydraulic limitation (McDdrtermediary of glucose in the photosynthesis and photorespirati®n
well et al, 201J). It is thus important to take tree size intopathways (Ehlerst al, 2015. D6° is produced during photore-
account when studying the roléGgand climate on photosynth- spiration and DB during photosynthesis (Figi). The D6SR
esis. Based onz@nzyme kinetics antf°C studies, tropical ratio thus directly reBects the relative rates of photorespiration @’ld
canopy tree photosynthesis should have increased, witt, photosynthe5|s as they occur in the leaf. We refer to the D6SR r@tlo
isotopic studies do not provide direct evidence of changesanOphotosynthetic efbciencyO, as the changes in photosynthesi:
photosynthesis (independent of water processes) with long-tphotorespiration cannot be seped. Note that a higher photosyn- §
risingC,in tropical canopy trees. thetic efPciency corresponds to a lower value of the D6SR raio
Next to C, climatic growing conditions are also expected i&ig. 18. The photosynthetic efpciency derived from D6SR has
inBuence the ratio between phattisysis and photorespiration. been shown to increase in response toiC®ultiple crops and
High leaf temperatures are known to decrease photosynthetic gflhagnum moss under experimental and histGgicake (Ehlers
ciency due to a faster decrease in the solubility.0f<0Q, and a et al, 2015 Serket al, 2021gb). However, the potential to study

E’OJJ pepeo|umoq ‘T ‘SZ0Z ‘LET8E9VT

h

@_/moo'/ﬁaum Ajejgvpu! Juo-yduyysd

tly

@/HH'OI/

ira

tS

osoy p@}sm u nf%ﬁu webe Ad ge0z

0 A81IM ey

(@ (b)

Glucose isotopomers

Not efficient Photorespiration Photosynthesis
D6S D6R

R

@ Deuterium2H @ CarbonC

Photorespiration / photosynthesis
494 /590

Efficient

@ Hydrogen'™H () OxygenO

Atmospheric CO, (ppm)

Fig. 1 Studying long-term C,-induced shifts in photosynthetic efbciency (photorespiration/photosynthesis) using the ratio of D6S and D6R glucose
isotopomers. RisingC, 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 positfon
deuterium (3H). The ratio between D6S and D6R (a, right axis) reRects 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 efbciency under centennial-s€lese. In the
photorespiration and photosynthesis pathways, deuterium is preferentially incorporated into the D6S and D6R positions of glucose, respectiveading to

a different molecular structure (b).
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historical changes in the rationstn photosynthesis and photoresseasonal forests from subtropi@aina to subtropical Australia
spiration has never been applied to reconstruct the effect{Faj.2g. Toona ciliatdypically has a leal3ess period ranging fro
long-termC,rise on trees.

UsingToona ciliatdl. Roem (Meliaceae), an Australasian troson (Heinrich & Bank2005 Vlamet al, 2014. Toona ciliatas
pical tree species, we test three hypothes€5:hd3 increased classibed as a shade-intolerang-lived pioneer tree (Herwitz
photosynthetic efpciency through its positive effect€; on et al, 1998, reaching ages of over 180 yr (Zuideta, 2020).
(decreasing the ratio of photorespiration to photosynthesis), @Vie species produces growth rihgsdan be reliably dated (Hein-
denced by a decrease in the D6SR ratio 1Big(2) photosyn-
thetic efbciency decreases with stem diameter, a proxy for Sfeermaet al, 2022, making it suitable to evaluate changes in phy
height and canopy light exposure, reRected by an increasiogpgy in response to climate @qdcross long periods.

8697T
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several weeks (Rahretal, 2017 to several months in the dry sea-
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rich et al, 2008 2009 Vlam et al, 2014 Rahmanret al, 2017
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D6SR ratio; and (3) photosynthetic efbciency decreases witfiree-ring samples were obtained from three forests with can-

temperature and increases with precipitation,

related to taasting climates: the Atherton tablelands (AU, Australia), Hugi

increase and a decrease in D6SR, respectively. AdditionallyKinee Khaeng Wildlife Sanctuary (TH, Thailand), and Remé&f

use our results to simulate the combined effects of diameter Hatenga Wildlife Sanctuary (BA, Bangladesh2fighe Aus-

&
3

Cyrise on photosynthetic efbciency. These simulations illustriaggian forest is classibed as semi-deciduous notophyll vine fogesi
how photosynthetic efbciency may have changed in tropical t{§¥ésbb, 1959, growing on nutrient-rich basalt soils (Brasellg‘
growing under increasirg} levels over the past century. Thiset al, 1980, with a 6-month dry season from April to Novemberg
study adds an independent line of evidence to the ongoing dideinrich et al, 2008. The forest in Thailand is classibed as
cussion on the effects@frise on tree physiology and is the brsseasonal dry evergreen and mixed deciduous forest, growing: or
to apply the D6SR-based reconstruction of photosynthetic efieathered and slightly acidic ultisols (Bunyavejchewth

ciency to study the effects of center@yake in trees.

Materials and Methods

Study sites and study species description

et al, 2009. This site experiences a 6-month dry season froE
November to April (Vlaret al, 2014. The site in Bangladesh is &
classibed as a tropical semi-evergreen forest, with slightly aq?di(
soils (Rahmanet al, 2017, with a 4-month dry season lasting &
from November to February. The sampled forest stands in Bai-

gladesh are patchier and, compared with the other sites, relati@ly

We tested our hypotheses using tree-ring samplesnaf ciliata disturbed, which may affect the canopy exposure of tre@s
M. Roem (Meliaceae), a deciduous tree species distributednagiuded in this study.

(a)
1;; “‘D = g./v/.‘?'(r
R
30°N _|‘_|‘ 3 ﬁ
0 -
20°N ] + :
o\ T+
10°N - j#’) S
0°
10°S 4
20°S 1 AU
TH
30°S-
BA
80°E 100°E 120°E 140°E

(b)
Year
1910 1960 1980 1995 2005 2015

AU_1 E m — &
o AU 24 = E I I .
© AU 3 E I I I .
5 TH 11 mE = ——— |
c TH?24{ mEER
© TH 3 1= === —

2 BA 14 3 — B
" BA 2- [ =—=r—=
BA 31 1 r §F

300 320 340 360 380 400
CO3 (ppm)
(c) (d) __
S
28 1 3
O ® c
& 26+ -2 2000+ ®
z 3
o 244 a +
3 1000 -
22 1 S .

AU TH BA AU TH BA
Site Site

Fig. 2 Sampling design. (a) The distribution of registered observations ®bona ciliata (crosses; GBIF.org2022) and the three sampling locations. (b) The
calendar years (uppex-axis) andC, (lower x-axis) values included in all samples and all sites. Our sampling design aimed to obtain wood at equidistagt
if possible. The differing lengths of the bars are due to differences in the rate @, 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 (4ay), and growing season precipitation for all sites. For boxplots, the central line represents the median, the edges of the
boxes indicate the 23" and 75" percentiles, and the whiskers extend to the 8 and 95" percentiles. Outliers, if present, are shown as individual points.
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lock. Deuterium NMR spectra were integrated by deconvol
tion with a Lorentzian line shape, using theSkin software
D6SR isotopomer ratios were measured on stem wood takel.6.4; Bruker). The D6SR isotopomer ratio was determine

pepeSEMoq 'T ‘5202 ‘LETB60T

Sampling design

o

from 5 mm increment cores, collected in 2000 for Australia, s the ratio of the integrals of the SDénd D6 signals :%
2014 for Thailand, and in 2016 and 2021 for Banglades{Fig. S4. For each sample, bve or six replicate spectra were
(Fig. 2b). Three individual trees were selected for each site. Resorded. g
ference was given to trees that fell into the middle range of the 35
growth-rate distribution (within each site) and that had no maj?flimate data H

§

growth suppressions. We did so because long-lasting growth sup- :
pression may indicate non climate-related growth (and phoi&'e made use of gridded climate data produced by the CIimaﬁc
synthesis) variations, and the average growth rate was chosRegearch Unit (CRU v.4.07) at the 0.5-degree resolution (Hards
reduce among-tree variation and to increase the common sigetadl, 2020 for T in, Tmax @nd precipitation, to debne climatic
Wood samples from the cores were taken as a time series, withvariates for each sample in all sitedata were based on ice
minimum of three and a maximum of bPve samples along the lifere data for the period 19A®58 (Etheridget al, 1996, and

of the tree (Fig2h). The number of samples per tree variedrom the Mauna Loa observatory for observations from 19
between three and bve depending on the age of the tréb)(Figonwards (Keeling023 Lan, 2023. All monthly climate data
and covered 285yr per tree. The number of samples pewere subset to only include the growing season, here debne
site was 14 for Australia, 14 for Thailand, and 12 for Bangladeal,months with> 100 mm precipitation (Malhét al, 2002,
totalling 40 samples, taken from nine trees (three per sitdereby allowing the length of the growing season to vary fro
These samples covered a range ©f12@m in DBH and year to year. By setting this threshold, we exclude dry months

n%u 1webe/ Aq 8502
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298-405 ppm inC, (Fig. S9. Each sample was re-measured b¥eom the climate data, @sciliatais known to avoid the dry sea- i
to six times, as NMR measurements have high uncertainty, yislol with a leal3ess period. Leal3ess periods vary in length adros
ing 223 observations of the D6SR ratio. Thus, our data havaites, depending on climatology (Heinrich & BaB&65 Viam f
nested structure of observations (i.e. NMR re-measuremestsyl, 2014 Rahmaret al, 2017). For the Australian site, the éfr

within samples (i.e. wood of different ages) within trees apear was considered to start in July, as a tree ring starts forming
within sites. around that time of the year and continues the growth into th§
The deuterium NMR analysis used to quantify D6SR ideallyext calendar year (following the Schulman convention; Sch@l-

uses a minimum of 0.5g of raw material, although analysisman, 1956. Growing season precipitation (F2d) was calcu-  §
possible on smaller samples (Bets¢al, 2006. To maximize lated as the sum of precipitation of all months witD0 mm 2
the amount of wood, we pooled 10 yr of growth from one or seprecipitation per year. As the processes of photosynthesis &anc

eral cores per tree. The number of years between samplesphotorespiration, underlying D6SR isotopomer ratios, happen
time series was chosen to approximate equidSfalevels during the daytime, we calculated the growing season day
(Fig. 2b), asC, is the variable of interest. The brst sample in @mperaturely,) debned as: E:
time series was taken so that the mean tree diameter was at least

2_0 cm to ensure our _reconstruction was focusgd on canopy trpd%s: 1 Tonin b 2 T e Eqn 1
(i.e. trees with a diamete27 cm were considered canopy 3

trees by van der Sleenal, 2015 and to reduce ontogenetic ) 5
effects (Francey & Farquhd982). The diameter at breast Climate andC, averages for each pooled sample (10 yr) wege
height (DBH) of trees during the time of ring formation Wa§alculated as a weighted mean based. on tree-ring widths of ghe
reconstructed from the tree-ring widths and DBH peld measutcluded years. We chose to use a weighted mean as the relgtiv
ments (Thailand) or by combining cumulative ring width andvidth of each included ring will change the contribution of thig

estimates of the distance of the oldest ring to the pith (AustrdiR2g to the entire sample in absolute weight of the wood, and th@s
and Bangladesh). to the D6SR ratio of the sample. We calculated the relative cop-

tribution of each ring width to the total sample width, multiplied 5
) ) this by the annual covariate, and summed the outcome. By doig‘]g
Sample preparation for NMR isotopomer measurements so, a wider ring contributes more to the multi-year average ofa

Wood samples were ground into a powder using a ball mill, af@variate, as this ring will also contribute more to the DESR
cellulose was hydrolysed into glucose following the meth¥jgnal.
described by Saemeatral (1945 with modibcations introduced

yield and reproducibility. Glucose was transformed into a glucose

g
o
3
§
s
2
derivative suitable for deuterium NMR measurements followifgees experience large changes in microclimate as they grow ffon
Betsoret al (2006 (Fig.S3 details in MethodS ). saplings into adults, including increased irradiance (Montgomeyy
Deuterium NMR spectra were measured using an AVANCE Chazdon,200%, Monsi & Saeki2005 Poorteret al, 2005 £
Il 850 spectrometer (Bruker) equipped with a cryogenic probéienenet al, 2022, increased air and leaf temperature (Hinck-s
optimized for deuterium detection and equipped witffFa  leyet al, 2011, and increased hydraulic demands (Barnard

Ao 1mAreiqiput|uo//sdny
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Ryan, 2003 Koyama et al, 2021 Ferrandez-de-Ba mean value of observations per sample (TabBefore infer-
et al, 2023. All of these microclimatic changes are expecteddace, covariates were standardized by subtracting each vectdr b
level off once the tree reaches full canopy exposure, anditfmean and then dividing the result by the standard deviation %f
effects of tree diameter were therefore expected to be asympthcyector. Collinearity between included explanatory varlablés
similar to trends in iWUE (due to decreadiijgwith tree dia- was assessed for all models and found to be low with all ViF
meter (McDowelkt al, 2011, Brienenet al, 2017). To model  scores under three. As the shape of the diameter effects on D&SF
the potential asymptotic effects of diameter (Hypothesis 2) isrbased on assumption (i.e. a saturating D6SR with tree size), we
D6SR, we implemented a generalized Michidigten func- assessed the robustness of the applied statistical method by éon”
tion (gMM) (see Mafinez Canet al, 2019, earlier described paring the results of the gMM with a linear and log-linear shap&
by Kepner2010 for any system with saturating behaviour: of the diameter effect (Methd88 EqnsS2 S3. Model perfor-
mance was evaluated and compared using WAIC, LOOIC, a@d
DeSR. & diameter Eqn 2 RP. Model performance was similar for all tested model$
bp diameter (TableSJ), and we, therefore, present our results based on tBe
gMM model, as the potential asymptotic effects of diameter méy
wherea, the asymptote, is the D6SR ratio a tree attains when itgfovide a better representation of the biology of the study system.
fully exposed (large diameter, in the absence of any other vaiif estimates in the text are based on the nonaveraged datd, a
tion) andb, the half-saturation parameter, is the diameter ghrameter estimates from averaged data are calculated by |g§10r
which the D6SR ratio is halfway to the asymptote. Followingg sample-level variability, and exhibit inBated certainty. Esg-
Hypotheses 1 and 3, we assessed how chadgeSdg, and  mates for alternative models and models based on sample mean
precipitation were associated with the maximum D6SRagtio @re presented in Tatll@nd Table§2 S3
by allowing the asymptote to vary with these covariates. Theye ptted the model int& (Carpenteet al, 2017), with its
model included a nested random effect structure on the intercepérface in R (v.4.3.1; R Core Tea?23 via the packages
for botha andb to control for repeated observations within sitesrvs (v.2.20.4; Bwkner, 2017 and RS$an (v.2.32.6; Stan
(multiple trees per site), trees (multiple measurements per indiyévelopment Tean2024). We incorporated weakly informative
dual), and samples (multiple re-measurements of the same $#®Brs for both bxed and random effects (Metsai&ig. S5.
ple) (Details in Eqn$1.1:S1.3 MethodsS2. This random  The model coefbcients were estimated using four Markov cha§1$
effect structure effectively controls for pseudo-replication (ith 4000 iterations each, and the brst 2000 were discarded &5 a
multiple re-measurements per sample, tree, and site) while pfgrm-up. Parameter convergence and Markov chain mixing weére
serving variability within each level. Nonetheless, given that a¥gecked graphically using trace plots @8gand numerically
aging re-measurements of samples is common practice in isof@ify Rhat values (Gelmah al, 2013. Goodness-of-bt was
research, (Ehleet al, 2019, we also Pt all models using theassessed using posterior predictive model checks (C

e
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Table 1 Estimates of the bxed effects for the generalized mixed Michaelslenten model (EqnsS1.1-S1.3), and for the linear and log-linear mixed models
(EqnsS2-S4).

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) 100% 0.001) 96% 0.002) 99% 0.000) 97% 0.003) 100%
Taay 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) 91% 0.012) 58% 0.008) 69% 0.012) 59% 0.008) 72%

All models were btted 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 reRects the probability of the true effect being positive or negative, following the sign of tistéraate,
given the model and data. PPs are only provided for slope estimates, as comparison with zero is not meaningful for intercepts. Details on the estinfates
random effects can be found in Supporting Information TableS2and S3

2025 The Author(s). New Phytologig025)246:131D143
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et al, 2018 Gabryet al, 2019, which compares observed datanean DBH at which trees reached the asymptote coincides
to simulated predictions (Fi§7). We report the median of pos- the diameter at whicf. ciliata reaches its maximum height
terior parameter estimates with 95% credible intervals (Cls) cqifig. S11A and holds a dominant canopy position with fully
puted using quantiles based on #herstatspackage (v.0.7.0; exposed crowns (Fi§@l11B. For the alternative linear and
Ludeckeet al, 2022). For bxed effects, we also report the postdirg-linear models, we found positive associations of D6SR wi
ior probability (PP) using Bayesian hypothesis testingemsthe diameter (PP: 94% and 96%) (Fi#fl2 Tablel), with higher
staTspackage (v.0.7.0pHeckeet al, 2022. The PP reR3ects the conbdence for the models based on sample means (PP: 98%3%
probability of the true effect being positive or negative, followilP: 99%). Across the three tested models, LOOIC and WAI
the sign of the estimate, given the model and data. PPs are snbres were similar, and explam@&d% of the variation in the
provided for slope estimates, as comparison with zero is data, with Pxed effects explairirg% (Tables]).

meaningful for intercepts. We consider covariates to be consis-

tently associated with the response variable (i.e. D6SR) if the 8
exclude zero, or if the PP is higher than 95%.
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mbined effects of C, and tree size

The association between diameter @Gpan D6SR work in
opposite directions, complicating the interpretati@), effects.

To illustrate this, we explored the joint effects of diamet&.and
using simulations from the gMM model (Fjy.and the alterna-
tive linear and log-linear models (H3. Under different con-
Photosynthetic efpbciency increased (i.e. a decrease insthet levels df, the D6SR asymptote shifts down with higher
photorespiration-to-photosynthesis ratio) with incre@gioger  C, levels, consistent with an increase in photosynthetic efpcie
the last 110yr and this association was consistently obse(igl4d. If we allow diameter ari@} to increase concurrently, to
across the three climatically distinct sites (Bablig.S8. C;,  mimic the development of trees under increaSind6SR
increased by 125 ppnt (36%) in the covered study period increases with diameter but no longer reaches an asymptgate
(1905-2016). This increase @, was negatively associated wit{Fig.4b). In this scenario, a maximum value of D6SR is reach??
D6SR with a slope of 0.009 ( 0.017, 0.001) and a PP of atc 60cm DBH, corresponding to the maximum decrease 8
99% indicating a high probability that the slope is negatiyghotosynthetic efbciency. After reaching a maximum, D65§2
(Tablel; Fig.3a). We bnd the same slope @using the linear decreases again, implying improved photosynthetic efbciegcy
and log-linear models with a PP of 96% and 97%, respectivalith risingC,, without a compensating effect of further diameter
(Tablel). PP values for inference based on sample meansiacesase. The alternative linear and log-linear models yield asiéﬂ-
higher for all models, indicating that estimate uncertainty lsr pattern for the combined effects of diameter @pd
mostly rooted in NMR measurement variability (Table (Fig.S13.

Results are thus robust to assumptions on the shape of the dia-

meter effect and to the inclusion of re-measurement or prea
aging (Tabld; Fig.S9. These results support Hypothesis 1 tha
the ratio of photorespiration to photosynthesis decreases Wittis study used D6SR isotopomers to reconstruct historic
increasing, (see FigS10for the C, association with the@{  changes in the ratio of photorespiration to photosynthesis of trg
axis, as done for earlier D6SR studies). The association betvpéeal forest canopy trees in response to Ggitigee size, and cli-
the climatic variables (i.e. precipitation and day temperature) andte. D6SR isotopomers are a relatively new method (Eh
the D6SR asymptote was inconclusive. We found no consistenal, 2015 Serket al, 2021ab), and this is the Prst study using
association of D6SR with precipitation, as revealed by a slop®88R to assess photosynthetic respongesfoo trees. This
+0.003 ( 0.007,+0.014) and a PP of 71% (Fi8C), nor with  study adds an independent line of empirical evidence dem
Taay @s shown by a slope4dd.013 ( 0.019,+0.069) and a PP  strating changes in tree physiology in response to inc&asing

Results

Atmospheric CG, increases photosynthetic efbciency

cy
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of 83% (Fig.3d). Climate associations were also inconsistent fdfe found thatC, increases photosynthetic efpciency, refl3ect é;d

alternative models and models based on meansi)lable by a negative association of D6SR @Wjhwhile tree diameter, =
as a proxy for canopy exposure, decreased photosynthetic §ﬂ:>

Crown exposure decreases photosynthetic efbciency ciency. g

We found that increasing tree size is associated with a reduc&}]o ﬁ

. . . . ethodological limitations 2

in photosynthetic efpciency as demonstrated by the increase in 2

D6SR with diameter, supporting Hypothesis 2 (Btij. Based This study marks the Prst application of DESR measurements pn
on the gMM model, the positive association between diameteses, and as such, we evaluate the main methodological Ilmga-
and D6SR saturates around a DBH of 60 cm and reachestemms. The D6SR measurements presented in this study exh@lt
asymptote of 1.016+0.908, +1.109), with a half-saturation relatively high variability compared with the effect sizes, prim@—
parameter of 0.89+0.224,+2.144), PP values for these estidly due to the inherent uncertainty of deuterium NMR measurez
mates are not given, as the relationship is based on two parants, which typically range within a few percent (Akoka &
meters for which comparison with zero is not informative. THRemaud2020. A high measurement uncertainty can reduce thg

New Phytologi&025)246:131D143 2025 The Author(s).
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Fig. 3 Predicted effects of atmospheric CQ (C,) (a), diameter (crown exposure, b), and climate (c, d) on the photorespiration-to-photosynthesis ratio B
(D6SR) forToona ciliata from three sampling sites (colours). Thick continuous lines indicate the predicted mean of the consistent associations (credible 5
interval (Cl) excludes zero and posterior probability (PR) 95%), thick dashed lines are the predicted mean of effects that are not consistently associated §
(Clincludes zero and PR: 95%). Thin lines represent 200 draws from the posterior predictive distributions. Predictions are based on the gMM model, 9
inferred on the full dataset (MichaelisMenten (full ), Table1), predictions for the gMM model estimated on sample means are available in Supporting ai
Information Fig. S9. 3<:r

certainty of the parameter estimates, as shown by the stromgégue position in the forest canopy, with a unique (and
PPs and narrower Cls when using sample means compared witnown) history. This inBuences canopy light exposure, Iehf
using all observations for inference (TapldJncertainty in  temperature, and stomatal conductance. The effect of diame;fer
NMR measurements could potentially be reduced by using a lan-D6SR indeed suggests that canopy exposure is an important
ger amount of wood for the derivatives, which could be achiewkiver of photosynthetic efbciency. Natural forest dynamics (e“gg
by taking thicker increment cores. To account for the uncertairiganch fall, liana infestation, and canopy openings) can aléo
of the D6SR estimate, a minimum of bve re-measurements wefience canopy exposure, and thus the D6SR ratios. To redlace
conducted. In addition to measurement error, there is also a latge effect of differences between trees, we chose to analys - th
variation in D6SR between individual trees, and across the tiimee series of D6SR for individual trees and include individug
series. This may be expected as the crown of each tree hasea as a random variable. Yet, D6SR values within trees renfain

2025 The Author(s).
New Phytologist2025 New Phytologist Foundation.
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Fig. 4 Predictions of joint effects of diameter andC, on the photorespiration-to-photosynthesis ratio (D6SR) iff. ciliata. Simulations were done using the
gMM model presented in this study under (a) different constaniC, 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 histo@grise (based onC, data). These same simulations are also
presented based on the alternative linear and log-linear model in Supporting Information Fi§13 both of which show similar patterns for the joint effects
of C, and diameter.

highly variable. Thus, measurements of D6SR of natural foraBt~ACE experiments implement a stepwise increageavimch
trees appear to be inherently more variable than those in agridoks not ref3ect realistic scenarios (R06), Hendrey &
tural or experimental systems (Ehderd, 2015, likely because Miglietta,2006, and FACE experiments have yet to start in tro
the latter are shorter-lived and grow under more uniform congiical forests (AmazonFace; Lapola & No&®14. Second,
tions. Increased sample sizes in future D6SR studies on treesegaing-derivetfC isotope studies show consistent increases §
therefore necessary to conbrm our bndings. As D6SR is a I¥&JE in tropical trees (Hietet al, 2005 Brieneret al, 2017,
tively new method (Ehleet al, 2015 Serket al, 2021zgb), Nock et al, 2011, van der Sleeat al, 2015 Rahmanet al,
downstream fractionation of D6SR from leaf to wood, as se2®20, which can be due to an increase in photosynthess,ﬁa
for 1°C isotopes (Gessler & Ferrgf)22), has not yet been stu- reduction in water use, or both. To evaluate the physmloglcél
died. We expect downstream fractionation might be limited affects ofC, the proxy of photosynthetic efpciency based 0&\
both D6°> and DE* sugar molecules have the same molecuB6SR has an advantage over that of iWUE basédCoiso-
weight. For this study, we assume that if any fractionation is prepes, as it directly reRects photosynthetic processes and enzgme
sent, this is constant over time and therefore did not inBueriogolved in the photorespiratory and photosynthetic pathway
our estimates @, and diameter effects. (Rinne-Garmstoet al, 2022 and is not inRuenced by the com-
plex dynamics of stomatal conductance.

As D6SR is a new proxy, we place our results in a broader pi
spective by calculatirfjgvalues of responses@g of D6SR,
The effect o€, rise on plant productivity is generally expected td,/V,, C;, and iWUE following Walkeet al (2020. Thesep
be positive. In line with Hypothesis 1, we found that D6SR isstimates provide scaled values for the effectGizesef allow-
negatively associated w@l corresponding to an increase ining comparison between studies using similar indices but diff
photosynthetic efbciency. Increases in forest canopy photosyenh-study designs. Aestimate of 1 (or 1) indicates a direct
esis withC, also follow from other lines of empirical evidenceproportionality of theC, response; values greater than one su
First, FACE experiments on mature trees in temperate zones ¢gmst a stronger response, while values less than one indic
sistently show an increase in light-saturated photosynthesis atviteker response. For @yeffect on D6SR, we biid= 0.094
leaf level in response to incre&ggg@insworth & Long2005 (for median-sized trees), which is slightly lowervatues for
Ellsworthet al, 2017 Jianget al, 2020, without any apparent annual plants (Ehleet al, 2015. The decreased D6SR ratio
changes in canopy transpiration (Gimetral, 2018. However,  with risingC, can be caused by suppression of photorespirati
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(oxygenation), increasing photosynthesis (carboxylation), oetal, 1980 (Fig.S1A, coinciding with the observed increase in
combination of both. Based on photosynthetic modelling with6SR. The decrease in leaf inte@abased orf*C, as well as
bxed photosynthetic parameters &lgt Farquhaet al, 198Q the decreased photosynthetic efpciency found in this study, coijld
Farquhar & Sharke$982 Farquhar & Von Caemmerdi982), be explained by stomatal closure (due to hydraulic Iimitation:%,;
a 36% increase i, (this study) an@;, leads to a 26% decreaseMcDowellet al, 2011) and by increased rates of photosynthesis
in Vo/V. (B= 0.98), coupled with a 32% increase in grossausing reduction i€; (photosynthetic drawdown; Francey &
photosynthesi$ & +0.90). This theoretical decreas¥jfV.is  Farquharl982 Lloydet al, 2009. Canopy exposure plays a keyg__
mostly driven by a strong increase in carboxylation and a smatieg as photosynthetic efbciency decreases with diameter; hpw-
concomitant decrease in oxygenation (6B Empirically, ever, this does not imply that net photosynthesis (Rijkeé's
D6SR correlates strongly witly V. for sun3owers in an experi- et al, 2000 Kenzoet al, 2006 Sterck & Schieving2011;
mental setting (Ehlemst al, 2015. If we assume this same Lamouret al, 2023 and growth (Sillettt al, 2010 Stephenson
empirical relationship for our study, our D6SR results translageal, 2014 also decrease with tree size.

into an 18% decrease M/V. (31% lower than expected, The associations of D6SR with diameter @neere oppos-
f= 0.64), which would lead to a 22% increase in gross photioig, complicating the interpretation @f effects for trees, as all

13 pOPEOIUMOQ T

11U
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synthesis (same 31% lowes +0.64). Thes@ values are simi- extant large trees will have grown from juvenile to adult acrosg a
lar to those for GPP from other studies (Waékeal, 2020. gradient ofC, Using simulations from our gMM model, we
Finally, 1°C isotope measurements for one of our study sitésund that a Ohypothetical® tree with a constant diameter ingre
(Thailand; van der Sleehal, 2015 show a 44% increaseGn  ment, growing under exponent®] rise (data from past cen-
(p=+1.20) and a 23% increase in IWUBE=+0.68) for tury), will Prst experience a decrease in photosynthetic efbciescy.

59U101 QI TP KESIY P

T. ciliatatrees of 27 cm DBH in response to the same B§% resulting in a maximum D6SR @60 cm), after whicl, starts
rise (Fig.S19. Taken together, the similarity of observed anihcreasing photosynthetic efbciency frigVith increasing tree
theoretical increases@p photosynthetic efpciency, and iIWUE diameter (and thus crown exposure), photosynthesis likely shifts
provide empirical evidence tkgtrise has likely led to increasedfrom light-limited to carboxylation-limited, due to high light
canopy photosynthesis for our study species during the past egpesure (Farquhast al, 198Q Farquhar & Von Caem-
tury, although underlying assumptions make the magnitude moérer,1982 Lambers & Oliveird2019 (Fig.S1) and increasing
this estimate less certain. hydraulic demands. Carbon limitation of photosynthesis in full§
exposed crowns would explain the increase in photosynthetic &f-
ciency withC,rise, as light and hydraulic limitation should stabi-§
lize after trees reach dominant canopy positions. While this stu@y
As trees grow from saplings into adults, they experience lavge done for only one tree species, the consistent decreasg i
changes in microclimate, including gradients in light (Monsi &3C-based; with tree height for multiple (tropical) angiosperm§
Saeki, 2005 Brienenet al, 2022, temperature (Hinckley species (McDowadt al, 2011) suggests that a similar decrease irg
etal, 2011) and hydraulic demands (Koyaetal, 2021, Ferra-  photosynthetic efpciency with canopy exposure may be expeétec
ndez-de-Hda et al, 2023, which may result in changes in thefor other broadleaf tree species. The effect of diame@ziron
ratio of photosynthesis to photorespiration. Following Hypottstem wood ref3ects the signature of the upper canopy layer (Schle
esis 2, that canopy exposure reduces photosynthetic efbPciencseml®9Q Brieneret al, 2017), suggesting that the upper canopyﬁ_,
found that D6SR increases with tree diameter, analogous ttayer produces the majority of photosynthates used in stem wdod
decreased photosynthetic efbciency. This positive associatiforrization (Lamouet al, 2023. This has important implications &
less strongly supported under a linear assumption (PP 94%) tfarthe effects of futul@, rise, as, based on our results, photore=
under a log-linear assumption (PP 96%), suggesting that a lirgaration may be highest in the upper canopy layer. We therefcire
model may not accurately describe the relationship betwegpect CQ fertilization to remain important for large trees for a2
D6SR and tree size. Assuming a saturating relationship, D8Ry time, but to be less important for smaller unexposed trees
approaches an asymptote &80 cm in diameter, coinciding with
the moment trees of our study species reach the maximum hel't:q
(Fig. S11A and usually hold dominant canopy positions
(Fig. S11B. These results are consistent Withstudies, which Based on other studies of isotopomers (&eed, 2021b,
often bPnd a decreaseGnwith tree height at the leaf and stemphotosynthetic theory (Lambers & Oliveft@19, and**C iso-
level (McDowelkt al, 2011) and also support the asymptotictopes (van der Sleet al, 2022, we expected photosynthetic
change, as is often found for the association between iIWUE afidciency to be lower when temperature is high and precipitat@
tree diameter (Brienest al, 2017, although a strong ontoge- is low (Hypothesis 3). A positive effect of temperature on DGS@,
netic effect is not always observed for temperate light-senséive: thus a decrease in photosynthetic efPciency, is possible fgor
species (McCarradt al, 2020. 13C measurements for ciliata  our data, yet our results did not provide strong support for thege
in our Thailand site show th@f is consistently lower in canopy effects (83% PP). Potential explanations for the lack of consistgnt
trees than in subcanopy trees, and this offset remains acradsnate associations include the relatively small number of sites
range ofC, (Fig. S15B (van der Sleeet al, 2015. Decreasing (three), tree size differences between sites (which could have gon
C, is expected to decrease photosynthetic efbciency (Farqobaled climatic effects), and local variation in growing locatidn
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between trees combined with limited numbers of replicated traes strategies of stomatal control. Thus, future studies on D6§R
per site. The strength of obser@ckffects could be decreasedwvould benebt from including a range of different tree speues%o
by long-term increases Tpay this is, however, unlikely given study howC, rise has and will inBuence tree photosynthesis arid
that a historical increaselig,,was only observed for the Banglafproductivity of tropical forests.
desh site (Fig16. Precipitation did show changes over time for

the Australian and Bangladeshi sites $#ig, though the effects
of precipitation remained highly uncertain.
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