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Significance

Photorespiration occurs when, 
during photosynthesis, plants 
consume O2 and release CO2 
instead of the reverse. How 
photorespiration varies in the 
environment today is uncertain 
but important for validating how 
climate will change in the future 
and has changed in the distant 
past. We develop and apply a 
proxy for photorespiration rate 
based on the isotopic 
composition of a specific 
functional group (methoxyl) in 
wood. This proxy varies 
systematically with growing 
temperature and water 
availability of trees globally, 
which suggests that plants in 
different ecosystems 
photorespire different amounts 
and have different physiologic 
and metabolic responses to 
climate. Whether plants 
photorespire more or less in the 
future and geologic past depends 
on how local temperature and 
water availability scale with 
atmospheric CO2.
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Photorespiration can limit gross primary productivity in terrestrial plants. The rate of 
photorespiration relative to carbon fixation increases with temperature and decreases 
with atmospheric [CO2]. However, the extent to which this rate varies in the environ-
ment is unclear. Here, we introduce a proxy for relative photorespiration rate based 
on the clumped isotopic composition of methoxyl groups (R–O–CH3) in wood. Most 
methoxyl C–H bonds are formed either during photorespiration or the Calvin cycle 
and thus their isotopic composition may be sensitive to the mixing ratio of these path-
ways. In water-replete growing conditions, we find that the abundance of the clumped 
isotopologue 13CH2D correlates with temperature (18–28 °C) and atmospheric [CO2] 
(280–1000 ppm), consistent with a common dependence on relative photorespiration 
rate. When applied to a global dataset of wood, we observe global trends of isotopic 
clumping with climate and water availability. Clumped isotopic compositions are sim-
ilar across environments with temperatures below ~18 °C. Above ~18 °C, clumped 
isotopic compositions in water-limited and water-replete trees increasingly diverge. We 
propose that trees from hotter climates photorespire substantially more than trees from 
cooler climates. How increased photorespiration is managed depends on water availa-
bility: water-replete trees export more photorespiratory metabolites to lignin whereas 
water-limited trees either export fewer overall or direct more to other sinks that mitigate 
water stress. These disparate trends indicate contrasting responses of photorespiration 
rate (and thus gross primary productivity) to a future high-[CO2] world. This work 
enables reconstructing photorespiration rates in the geologic past using fossil wood.

photorespiration | clumped isotopes | methoxyl groups | lignin | climate change

Plants and climate are inextricably linked. For example, plants affect Earth’s climate by 
removing CO2 from the atmosphere [e.g., (1–3)], by modifying silicate weathering rates 
[e.g., (4, 5)] and by altering local hydrologic cycles [e.g., (6, 7)]. Earth’s climate in turn 
affects plants via the dependence of plant carbon assimilation rates on variables including 
temperature, the concentration of CO2 and O2 in the atmosphere ([CO2], [O2]), and 
water availability in a given environment [e.g., (8–10)]. As such, the response of plants 
to changes in climate is critical to constraining terrestrial carbon cycling in past, present, 
and future climate states on both relatively short (decadal) and geologic (million year) 
timescales (11–14).

One key variable in the global carbon cycle is gross primary productivity (GPP), which 
quantifies how much CO2 plants fix prior to respiration and sets how much CO2 the 
terrestrial biosphere removes from the atmosphere as a function of time (15). Terrestrial 
GPP is influenced by variables such as temperature and the availability of light, water, 
and nutrients in a given environment. One major constraint on GPP is photorespiration, 
which occurs concurrently with photosynthesis in C3 plants when the enzyme Rubisco 
(ribulose-1,5-biphosphate carboxylase oxygenase) oxygenates its substrate with O2 instead 
of carboxylating it with CO2. This oxygenation creates toxic intermediates that are met­
abolically recycled by the photorespiration pathway, during which some previously assim­
ilated carbon is released as CO2 (16–19). If photorespiration rates increase relative to 
carboxylation, then less CO2 is fixed overall, decreasing GPP. The relative rate of oxygen­
ation to carboxylation for a given Rubisco (hereafter the relative photorespiration rate) 
increases with increasing temperature and decreases as the ratio of [CO2] to [O2] increases 
at the site of the reaction (8, 10, 19–22). Relative photorespiration rates are thought to 
be significant in modern ecosystems—for example, models estimate that at 25 °C in an 
atmosphere with 350 ppm [CO2], on average 25% of CO2 initially assimilated by modern 
C3 plants at 25 °C is rereleased through photorespiration (19, 20). However, the extent 
to which an individual plant in a given ecosystem adheres to or departs from this average 
is hard to predict and depends on many physiological and environmental factors that may 
or may not be known.D
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Understanding how plant photorespiration varies with envi­
ronmental conditions requires measuring it in the modern and 
past. Photorespiration rates can be measured in real time using 
various techniques (20, 23–25). However, to our knowledge, all 
existing methods require living plants (23) or well-preserved dead 
specimens that retain structural carbohydrates (24, 26) or amino 
acids (25). Here, we propose, validate, and apply a unique poten­
tial proxy for plant-relative photorespiration rate based on the 
abundance of the multiply isotopically substituted (“clumped”) 
isotopologue 13CH2D in methoxyl groups (CH3–O–R) in wood 
lignin. Methoxyl groups (also termed methoxy groups) comprise 
about one in eight carbon atoms in lignin, a main biopolymer in 
wood. Lignin methoxyl groups are a major sink of one-carbon 
metabolic intermediates (termed C1 carbon) in trees (27–29) and 
can be preserved in the rock record for tens of millions of years 
(30). The stable hydrogen (δD) and carbon (δ13C) isotope com­
positions of wood methoxyl groups are established climate proxies 
(31–34) but clumped isotope compositions (Δ13CH2D and 
Δ12CHD2; defined below) have yet to be systematically explored 
beyond initial method development (35).

We first describe the conceptual basis of using methoxyl clump­
ing as a tracer of photorespiration. We then validate this proxy 
using results from samples grown over ranges in atmospheric 
[CO2] (280–1000 ppm) and mean daytime growing season tem­
perature (18–28 °C) without water limitation, both from labora­
tory growth experiments and the environment. Next, we apply 
this proxy to an expanded dataset of environmental samples span­
ning large ranges in space (11–65°N), time (~200 y into the past), 
growing season temperature (10–28 °C), and water availability. 
We observe global trends in relative photorespiration rate with 
temperature and water availability and discuss the implications of 
these findings for the response of GPP to climate in the present, 
future, and past.

Proposed Basis for an Isotopic Photorespiration 
Proxy in Wood

Lignin methoxyl groups are formed during monolignol biosyn­
thesis (i.e., the synthesis of the monomers that are polymerized 
into lignin) via the transfer of an intact methyl group to an aro­
matic ring (Fig. 1). The transferred methyl group is derived from 
a tetrahydrofolate-bound (THF) methyl group, which is created 
via the addition of an H atom from NADH (27) to a methylene 
(CH2) group that ultimately originates from the C3 carbon in 
serine. Serine in plants has two broad biosynthetic origins: it forms 
either during photorespiration or from 3-phosphoglycerate  
(3-PGA) via the glycolysis or phosphorylation pathways (36). This 
3-PGA is itself a direct or indirect product of photosynthesis. 
Another potential origin for this methylene group is from formate, 
which is a degradative byproduct of glyoxylate oxidation during 
one of the initial steps of photorespiration (27). We do not further 
consider the formate pathway as it is thought to be a minor, sec­
ondary source of photorespiratory serine in leaves [~20%, (37)], 
and not transported in high concentrations through phloem to 
lignifying cells (38). Under this simplification, the methylene 
groups that supply two-thirds of the C–H bonds in methoxyl 
groups in lignin can be considered to be effectively derived either 
from photosynthesis or photorespiration.

Previous work indicates that these methylene groups from pho­
torespiratory vs. photosynthetic origins have different carbon and 
hydrogen isotopic compositions (24, 25). The dependence of the 
hydrogen isotopic composition of stereochemically distinct hydro­
gens at the C6 position of glucose (a CH2 group) on atmospheric 
[CO2] has been interpreted to indicate that methylene groups 

produced by photorespiration are hundreds of per mille (‰) lower 
in δD than the corresponding groups originating from the Calvin 
cycle (24, 39–41). The carbon isotope composition of the serine 
methylene group in leaves also depends on atmospheric [CO2], 
which can be explained if these two sources differ in δ13C by about 
10‰ (25). Since lignin methoxyl groups inherit two-thirds of 
their C–H bonds from the methylene group in serine, we hypoth­
esize that the isotopic compositions of lignin methoxyl groups will 
be sensitive to the relative contributions from serine methylene 
groups formed during photorespiration vs. from the products of 
photosynthesis and therefore could be used to track the relative 
amount of photorespiration in plants.

Importantly, this hypothesis requires that photorespiratory ser­
ine CH2 groups made in photosynthesizing tissues are actually 
exported and used to form methoxyl groups in wood. We note 
that there are multiple potential carriers of the signal beyond serine 
such as such as glycine, CH2–THF, or CH3–THF. Here, we use 
serine as a catch-all term for these carriers and note that our 
hypothesis does not depend on which one is exported. The incor­
poration of the photorespiratory isotopic signal to lignin methoxyl 
groups could occur in one of two ways: what we term an “indirect” 
pathway through incorporation of this moiety into glucose, or a 
“direct” pathway whereby photorespiratory serine escapes recycling 
and is a source of lignin methoxyl groups. The indirect pathway 
works as follows: i) The methylene group in photorespiratory serine 
is first recycled through 3-PGA and contributes to the C6 position 
of glucose—this is the premise behind the glucose-C6-based pho­
torespiration proxy discussed above (24); ii) this group is later used 
to make secondary serine from 3-PGA via the phosphorylation or 
glycolysis pathway and iii) is ultimately converted to a lignin meth­
oxyl group in wood. We consider this pathway possible but poten­
tially problematic because multiple enzymatic steps in sugar 
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Fig.  1. Conceptual illustration of the premise behind using the isotopic 
composition of lignin methoxyl groups in wood as a proxy for relative 
photorespiration rates. The methoxyl group (O–CH3) in lignin is derived from 
a methyl group bound to THF, which in turn is formed by the hydrogenation of 
a methylene group (CH2) by NADH. The methylene group is derived from serine 
(27), which can be formed either during photorespiration or from products 
of the Calvin cycle (36). A third potential source—formate generated by the 
oxidation of photorespiratory glycolate—is thought to be minor (20%) and so 
we do not consider it in our conceptual model (27). We propose that serine 
methylene groups from these different origins have different clumped 13C–D 
isotopic compositions [as has been suggested for δD and δ13C, (24, 25, 39, 40)] 
such that the isotopic composition of the plant C1 carbon pool will depend on 
the mixing fraction from these sources and lignin methoxyl groups will inherit 
this isotopic signal. The strength of this signal will depend to first order on the 
relative photorespiration rate (VO/VC) and the photorespiratory export fraction 
to lignin vs. other sinks. Abbreviations: RuBP, ribulose-1,5-biphosphate;  
3-PGA, 3-phosphoglycerate; THF, tetrahydrofolate; NAD, nicotinamide adenine 
dinucleotide.
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metabolism downstream of initial glucose formation break and 
form C–H bonds in moieties that source the CH2 group in 3-PGA, 
which may overprint the original isotopic signal of relative pho­
torespiration rate (39, 42–44).

The direct pathway would arise from a photorespiration cycle that 
is not fully closed (45–48). Rather, some photorespiration-derived 
serine is exported from leaves, translocated to xylem, and used 
directly as a source for lignin methoxyl groups in wood (Fig. 1).  
A partially open photorespiration cycle, wherein glycine and serine 
are incompletely recycled back to 3-PGA, has been proposed to 
explain why plants photosynthesizing under a triose phosphate uti­
lization (TPU) limitation (i.e., high light, high [CO2], low tempera­
ture) exhibit reversed sensitivities of CO2 assimilation rate to changes 
in [CO2] and [O2] (45, 49). Even under ambient growing conditions, 
isotope labeling experiments have shown that photorespiratory glycine 
and serine are still incompletely recycled (48). Export of these metab­
olites from leaves to wood is also consistent with the observation that 
serine is an abundant component of phloem (38, 46, 50, 51)  
and the general understanding that photorespiratory serine is an 
important source of methyl groups to a variety of biomolecules 
including lignin (51, 52). It has even been proposed that the reason 
C4 plants lack significant woody tissue is because their photorespi­
ration rates are too low to export enough C1 carbon units to support 
the major methoxyl sink of wood lignin (52).

Given this, we hypothesize that isotopic composition of wood 
methoxyl groups will depend on both the rate of photorespiration 
relative to carbon fixation and the fraction of serine (plus any other 
carriers of serine’s CH2 group) exported from the photorespiration 
pathway (hereafter, the photorespiratory export fraction) and used 
to make lignin methoxyl groups (Fig. 1). Changes to either param­
eter would result in changes in the mixing ratio of photorespira­
tory to photosynthetic serine sources in lignin. As described above, 
the controls on relative photorespiration rate are well-established 
(8, 10). Conversely, photorespiratory export fractions between 8 
and 50% have been measured in the laboratory and have been 
proposed to depend on water stress and the availability or form 
of nitrogen and/or sulfur, but the controls on the fraction of pho­
torespiratory serine exported specifically to lignin methoxyl groups 
are not understood (46–48, 52–54).

Clumped 13C–D Compositions as a Tracer of Mixing. To test 
the hypothesis that the isotopic composition of lignin methoxyl 
groups can be used as a proxy for photorespiration rate, we use the 
measurement of the relative abundance of methoxyl groups with 
more than one rare isotope, termed clumped isotopologues [e.g., 
(55)] as a tracer of the relative contribution of photosynthetic vs. 
photorespiratory precursors to lignin methoxyl groups. In this 
specific case, the most abundant clumped isotopologue is 13CH2D 
(~5 ppm at natural abundance). The 13CH2D clumped isotope 
composition is reported using Δ notation (56):

	
[1]Δ

13
CH2D =

(

13CH2DR

13CH2DR∗
− 1

)

× 1000

where 
13CH2DR  is the ratio of [13CH2D]/[12CH3] and the * repre­

sents a random distribution of isotopes among all isotopologues.
In isotopically equilibrated systems, Δ values are solely functions 

of temperature (56) and therefore can be used for paleothermom­
etry [e.g., (55)]. Our preliminary work on three wood samples 
demonstrated that lignin methoxyl Δ13CH2D values are not con­
sistent with formation in internal isotopic equilibrium and instead 
must be controlled by nonequilibrium processes such as kinetic 

isotope effects expressed during C–H bond formation and mixing 
of different sources (35). Importantly for our purposes, models 
indicate that 13C–D clumped isotopic compositions of kinetically 
controlled processes are not strongly affected by the δ13C and δD 
values of the source elements but instead largely reflect differences 
in the kinetic isotope effects of the specific reactions that form and 
destroy C–H bonds (57). As such, we propose that if serine CH2 
groups formed during photorespiration vs. from Calvin cycle prod­
ucts have different degrees of 13C–D clumping, lignin methoxyl 
groups will inherit these C–H bonds, and the lignin methoxyl 
Δ13CH2D value will depend on the relative contributions from 
each pathway, specifically the relative photorespiration rate and the 
photorespiratory export fraction to wood lignin. We estimate that 
the irreversible addition of the third hydrogen from NADH acts 
to decrease the total Δ13CH2D measurement range by ~17% rel­
ative to the range of 13C–D clumping expected in precursor CH2 
groups (i.e., a scale compression; SI Appendix) but does not other­
wise impact the value.

In contrast to our expectation for Δ13CH2D, we note the same 
model predicts that the relative abundance of another clumped iso­
topologue that we routinely measure, Δ12CHD2—see SI Appendix 
for details, is highly sensitive to the addition of the third hydrogen 
atom from NADH, due to its association with a large kinetic isotope 
effect (31, 34, 58, 59). This results in a so-called “combinatorial 
effect” in which the clumped isotope value is a function of both the 
kinetic isotope effect and the difference in hydrogen isotopic com­
position of the reactants [in this case the CH2 group and the third 
hydrogen atom, (57)], which makes interpretation of D2-bearing 
isotopologues more complex as compared to 13C–D counterparts. 
This is described quantitatively in SI Appendix. Based on this, we 
focus on Δ13CH2D as a tracer of photorespiration.

Validation of the Clumped Isotopic 
Photorespiration Proxy in Wood

To test whether methoxyl Δ13CH2D values are sensitive to relative 
photorespiration rates as proposed above, we analyzed samples 
where only one of two parameters that controls these rates (atmos­
pheric [CO2] and temperature) varied significantly. Here, we only 
used specimens from water-replete environments as water limita­
tion can modify the photorespiratory export fraction (47) and the 
CO2 concentration inside the leaf (ci) independent of atmospheric 
[CO2] due to changes in stomatal conductance (60). In the next 
section, we present data on water-limited samples but restrict our 
discussion here to these simpler water-replete samples to focus on 
the roles of temperature and atmospheric [CO2].

The Effect of Temperature on Methoxyl Clumping. We first 
examine wood samples from trees grown in similar atmospheric 
[CO2] but different mean growing season temperatures. The relative 
photorespiration rate, which we define specifically as the rate of 
oxygenation by Rubisco (VO, which initiates photorespiration) 
to carboxylation (VC, which initiates carbon fixation), increases 
with temperature. For example, in an atmosphere with 300 ppm 
[CO2], a standard model of photosynthesis predicts that VO/VC 
should roughly double between 20 °C and 30 °C [(8, 10, 20); see 
Materials and Methods and SI Appendix, Fig. S13 for details). We 
therefore tested whether growth temperature affects Δ13CH2D 
values by examining wood from 5 trees across a range of climates 
(18–28 °C mean daytime growing season temperature; Fig. 2A; 
see Materials and Methods for explanation of growing season 
temperature calculation). We isolated any temperature signal from 
historical variations in [CO2] by using wood from samples that 
all grew prior to 1950 but are at most a few hundred years old, D
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such that [CO2] was restricted to between 290 and 310 ppm (see 
SI Appendix for details).

We observe that Δ13CH2D values of these samples decrease in a 
roughly linear manner with increasing temperature from 10.3‰ at 
18 °C to 8.1‰ at 28 °C (Fig. 2A and SI Appendix, Table S4). 
Although Δ13CH2D for equilibrated systems also depends inversely 
on temperature, this signal cannot arise from an equilibrium isotope 
effect for three reasons (SI Appendix, Fig. S3): i) The values are too 
high by 2 to 4‰ compared to equilibrium at these growth temper­
atures, ii) the ~2‰ range is 6× larger than predicted for a ~10 °C 
range in growth temperature, and iii) the Δ12CHD2 values in the 
same samples (and all woods measured so far) are <0‰ but highly 
variable (–15‰ to –60‰), which is inconsistent with internal iso­
topic equilibrium at any temperature (35). Instead, we conclude 
that the clumped isotopic compositions of these wood methoxyl 
groups are controlled by mixing of sources with different Δ13CH2D 

values such that the mixing ratio correlates with temperature. The 
negative, highly variable Δ12CHD2 values are also consistent a con­
ceptual model where a third hydrogen with a large, variable kinetic 
isotope effect is added to a pool of CH2 groups with multiple sources 
(see SI Appendix for details). Both datasets are thus consistent with 
a control based on relative photorespiration rate.

The Effect of [CO2] on Methoxyl Clumping. Relative photo­
respiration rates (VO/VC) also vary inversely with [CO2] when 
atmospheric [O2] is fixed. Specifically, VO/VC ~linearly increases 
with 1/[CO2] and is thus more sensitive to a change in [CO2] at 
lower absolute [CO2] values (10). For example, again according to 
the standard photosynthesis model described above, the decrease 
in VO/VC from 300 to 400 ppm [CO2] is roughly equivalent to the 
decrease in VO/VC from 600 to 1,000 ppm (SI Appendix, Fig. S13). 
Given this, we hypothesize that Δ13CH2D values will be most 

A B

C D

Fig. 2. Methoxyl Δ13CH2D depends on atmospheric [CO2] and temperature in trees growing in water-replete environments. (A) Wood methoxyl Δ13CH2D vs. 
mean daytime temperature during the growing season for trees grown without water limitation (water-replete). All trees were harvested before 1950. (B) Wood 
methoxyl Δ13CH2D vs. 1/atmospheric [CO2] for Ginkgo biloba from Ginkgo growth experiments (red hexagons) and from a 200-y longitudinal study of a living 
Taxodium dis. tree (brown triangles). Each bald cypress sample comprises 10 or 15 consecutive years of growth; average year listed next to each point. (C) All 
data from (A) and (B) plotted vs. estimated VO/VC (relative photorespiration rate)—see Materials and Methods for details of the calculation. Data in (B) are shown 
vs. 1/[CO2] because VO/VC is expected to linearly depend on this variable. (D) Hydrogen isotopic composition of methoxyl groups normalized to the δD of mean 
annual precipitation (Dεmethoxyl–precip.) vs. Δ13CH2D. Pink box is the average ±1SD of Dεmethoxyl–precip. given in previous studies of continental Europe (n = 104, see 
refs. 31, 34, and 58). Note this range has been adjusted for an interlaboratory offset in methoxyl δD scales (35). Error bars are ±1SE of measurement error for 
Δ13CH2D, and ±95%CI of the δD of mean annual precipitation for Dεmethoxyl–precip. value. Gray lines are error-weighted linear fits and associated ±95%CI to data.
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sensitive to changes in [CO2] at lower starting atmospheric [CO2]. 
On this basis, we analyzed tree rings spanning 200 years (~1810 to 
2019 CE) from a single living bald cypress (Taxodium distichum) 
tree grown in standing water in S. Florida that captures the rise in 
atmospheric [CO2] from preindustrial (~280) to modern (~400 
ppm) levels while atmospheric [O2] was effectively constant [e.g., 
(61)].

For these samples, Δ13CH2D values increase with time (and 
thus [CO2]), from 7.80 ± 0.26‰ (1SE) in 1810–1819 to 9.95 ± 
0.25‰ (1SE) in 2005–2019 (SI Appendix, Table S6) and with 
intermediate values in between (Fig. 2B). These methoxyl 
Δ13CH2D values exhibit a nonlinear relationship with atmos­
pheric [CO2] such that most of the increase occurs as [CO2] 
increases from ~280 to 320 ppm (a 1.6‰ increase and thus ~6× 
1SE measurement precision).

We further test the dependence of Δ13CH2D on [CO2] by meas­
uring methoxyl groups from basal root shoots of Ginkgo biloba 
trees grown in both ambient and elevated atmospheric [CO2] treat­
ments (425, 450, 800, or 1,000 ppm) in open-top chambers from 
the Fossil Atmospheres project [(62); Materials and Methods]. We 
used basal root shoots from this Ginkgo growth experiment that 
grew in 2020, by which point trees had grown in and acclimated 
to a given [CO2] treatment for 4 y. These trees maintained a con­
stant ci/atmospheric [CO2] in the growth year prior to sampling 
regardless of [CO2] treatment (62), and therefore we assume that 
ci directly varies with a chamber’s [CO2]. From 425 to 800 ppm 
[CO2], root shoot Δ13CH2D values are indistinguishable from the 
bald cypress data at [CO2] > 300 ppm: 9.68 ± 0.08‰ (1SE, n = 
5, ginkgo) vs. 9.73 ± 0.11‰ (n = 3, bald cypress) (Fig. 2B). The 
sample grown at 1,000 ppm has a more elevated Δ13CH2D value 
of 11.05 ± 0.29‰ (1SE). These experiments support the bald 
cypress data indicating that Δ13CH2D is a nonlinear and mono­
tonically increasing function of atmospheric [CO2] with a larger 
rate of change in Δ13CH2D vs. [CO2] at lower [CO2].

A Combined Reference Frame of VO/VC. Combining and 
summarizing these results, we find that in water-replete conditions, 
Δ13CH2D values decrease as either temperature increases or [CO2] 
decreases. Both variables positively correlate with an increasing 
relative photorespiration rate. This general relationship can be 
observed by comparing Δ13CH2D to an estimate of relative 
photorespiration rate (VO/VC) for each sample using a standard 
model of photosynthesis (Fig.  2C; see Materials and Methods 
for model details). In doing this calculation, we make a series 
of assumptions including that all trees studied share the same 
photosynthetic model parameters and that there is a universal, 
temperature-dependent scaling factor between ci and atmospheric 
[CO2] (10). We observe that all three datasets form an overlapping 
linear relationship in terms of Δ13CH2D vs. VO/VC (P < 1e-4,  
r2 = 0.64; Fig. 2C). We also compared this result to the predictions 
of a more complex model that incorporates acclimation of 
photosynthetic parameters and ci/atmospheric [CO2] to a plant’s 
growing environment [P-model v.1.0, (63, 64)]. This yields 
qualitatively similar results: The range of predicted VO/VC values 
is compressed but the linear relationship between Δ13CH2D and 
VO/VC persists (P < 1e-3, r2 = 0.54; see SI Appendix, Fig. S11). 
We interpret this result to indicate that the specific VO/VC values 
shown in Fig. 2C are uncertain, but the dependence of Δ13CH2D 
on relative changes in VO/VC is a robust result. Based on this 
and the associated theoretical basis discussed above, we proceed 
with the hypothesis that wood methoxyl Δ13CH2D values 
track and linearly correlate with (at least to first order) relative 
photorespiration rates in water-replete plants. Importantly, 
this also requires that in these samples, the photorespiratory 

export fraction to lignin is constant or proportional to relative 
photorespiration rate.

Test of the Dependence of Δ13CH2D on Relative Photorespiration 
Rates. We further test the hypothesis that Δ13CH2D depends 
on relative photorespiration rate using the methoxyl hydrogen 
isotopic composition (δD vs. VSMOW) of the same samples 
described above. As discussed, prior work indicates that the 
methylene group formed during photorespiration is lower in 
δD than the equivalent group derived from photosynthate (i.e., 
Calvin-cycle derived) (24, 39–41). This sets up a prediction that 
can test our hypothesis: If the low Δ13CH2D values (<9‰) do 
indeed reflect an increased contribution of photorespiratory serine 
methylene groups to lignin methoxyl groups, then all else being 
equal, these methoxyl groups would also be lower in δD compared 
to samples with elevated Δ13CH2D (31, 34, 58, 59). To apply this 
test, we normalize wood methoxyl δD values to the hydrogen 
isotopic composition of local precipitation, the source of hydrogen 
in a plant (31, 34): Dεmethoxyl-precip. = 1000 × ((δDmethoxyl+1000)/
(δDprecip.+1000) – 1). Following previous work (31, 34, 58), we 
estimate δDprecip. for each sample using a model (65, 66) based 
on sample location and elevation, assuming that the hydrogen 
isotopic composition of mean annual precipitation approximates 
that of plant water during the growing season and has not changed 
substantially in the past few hundred years (i.e., the age range of 
the samples). We observe a positive, linear relationship between 
Dεmethoxyl-precip. and Δ13CH2D for the samples discussed above 
(Fig. 2D), which is consistent with our prediction that decreasing 
Δ13CH2D reflects an increasing contribution of photorespiratory 
material to lignin methoxyl groups. As such, this comparison 
provides independent support for our hypothesis that the isotopic 
composition of methoxyl groups vary in their δD values and by 
extension C–H bond ordering as a function of climatic variables 
(T and atmospheric [CO2]) that are expected to correlate with 
relative photorespiration rate.

On this basis, we propose that Δ13CH2D values in wood can 
be used to reconstruct (semiquantitatively) relative photorespira­
tion rates both from modern and ancient specimens with preserved 
lignin, provided photorespiratory export fraction to lignin remains 
approximately constant or proportional to VO/VC. The same is true, 
by extension, of Dεmethoxyl-precip. if the δD value of plant water is 
independently known or determinable (e.g., by analyzing the 
nonexchangeable δD of cellulose or whole-wood in the same 
sample).

Global Trends in Wood Methoxyl Clumping

We now present analyses of the isotopic composition of wood 
methoxyl groups from an additional 17 trees grown around the 
world with varying water status. All samples are from wood formed 
before 1950 and the associated inflection in the rate of atmos­
pheric [CO2] increase (67) (see SI Appendix, Fig. S1 for locations), 
thus allowing us to control for atmospheric [CO2] (~290 to 310 
ppm). This expanded dataset (SI Appendix, Tables S1–S4) includes 
the water-replete trees from the temperature test discussed above 
(n = 5), and the bald cypress ring sets from before 1950 (n = 3), 
for a total sample size of 25. This comparison allows us to examine 
the role of water availability in setting Δ13CH2D values across a 
range of climates.

We observe that methoxyl clumping varies in characteristic ways 
vs. climate (Fig. 3A). In colder climates with estimated daytime 
growing season temperatures below 18 °C, all measured methoxyl 
Δ13CH2D values fall within a narrow range of 9.3 and 10.4‰. 
The SD of these samples (n = 10; 0.35‰, 1SD) is similar to the D
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typical error of a single measurement (0.25‰, 1SE), and so we 
consider these Δ13CH2D values effectively indistinguishable from 
each other. At temperatures above 18 °C, the range of methoxyl 
Δ13CH2D expands with increasing temperature to values as low 
as 7.9‰ and as high as 11.0‰ (n = 15).

As noted above, these trends cannot be a result of differences 
in [CO2] as it is largely invariant over the study interval (290–310 
ppm). The trends are also not controlled by how the mean grow­
ing season temperature is estimated provided it is done consist­
ently for all samples (SI Appendix, Fig. S12). In SI Appendix, we 
examine and rule out a variety of other potential origins for the 
first-order trends in Δ13CH2D values, including plant type (e.g., 
gymnosperm vs. angiosperm), wood composition (e.g., methoxyl 
concentration, earlywood vs. latewood), and climate parameters 
other than temperature (e.g., light intensity, relative humidity).

Instead, we find that the parameter that best relates to whether 
Δ13CH2D values tend to increase or decrease at higher tempera­
tures (>18 °C) is the water availability in a plant’s growing envi­
ronment. We define water availability as follows (see Materials and 
Methods for details): Trees that grew in a water-replete environ­
ment (e.g., in a swamp or in a state of constant soil moisture 
saturation during the growing season) are assigned a binary water 
limitation value of 0. Trees that appear water limited (e.g., grown 
on well-drained soils or steep slopes) are assigned a binary water 
limitation of 1. Samples lacking environmental information are 
labeled “unknown.” We tested these assignments using cellulose 
δ13C and δ18O data of the same samples: Water-replete samples 
tend to have lower δ13C values and lower δ18O values (once cor­
rected for the δ18O of precipitation) compared to water-limited 
samples, which agrees with expectations given the first-order con­
trols on these variables (see SI Appendix for details). This descrip­
tion of water limitation is a simplification, but one that we find 
useful for the initial examination of the data.

Trees that are not limited by water during growth tend to decrease 
in Δ13CH2D as mean daytime growing season temperature increases 
above 18 °C, while trees growing above 18 °C that are water-limited 
yield Δ13CH2D values that are similar to or higher than those grown 
below 18 °C. Trees with unknown water availability can adhere to 

either trend. These groupings are statistically significant at the 95% 
level: Δ13CH2D values of water-limited trees growing above 18 °C 
are significantly different from water-replete trees growing above 
18 °C (P < 1e-5, Welch’s t test), and both groups are resolved from 
the population of Δ13CH2D values for trees that grew below 18 °C 
(P < 0.03 and P < 1e-3, respectively, Welch’s t test).

Analogous trends for Δ13CH2D vs. climate are seen for 
Dεmethoxyl–precip., although departures from the cold-climate average 
are only visually apparent above 20 °C (SI Appendix, Fig. S2). 
Below 20 °C, Dεmethoxyl–precip. values are consistent with the average 
observed from prior studies of wood from continental Europe 
[about –213 ± 18‰ (1SD, n = 104), refs. 31, 34, 35, and 5, see 
SI Appendix for details]—our measured data from cooler climates 
all fall within 15‰ of this mean value regardless of water availa­
bility. Above 20 °C, samples diverge from this mean value by up 
to +40‰ and down to –72‰ and also group by water availability 
(SI Appendix, Fig. S2). As such, a correlation between Dεmethoxyl–precip. 
and Δ13CH2D persists over an expanded range of values, where 
the highest values of both variables are exclusively seen in trees 
that grew under water limitation (P = 1e-4, r2 = 0.41; Fig. 3B). 
We considered whether changes in Dεmethoxyl–precip. with water avail­
ability could also be due to varying degrees of evaporative isotopic 
enrichment in leaf water vs. xylem water and found that that only 
about 25 to 50% of the correlation between Dεmethoxyl–precip. and 
Δ13CH2D in this expanded dataset could be due to variation in 
leaf water evaporative enrichments (see SI Appendix for details). 
As such, we interpret the correlation between Dεmethoxyl–precip. and 
Δ13CH2D as further evidence that both variables are tracking 
mixing ratios of photorespiratory to photosynthetic methylene 
groups.

Divergent Responses to Increasing Photores­
piration Rates with Temperature as a Function 
of Water Availability

Photorespiration is estimated to be ~25% the rate of photosyn­
thesis in C3 plants at 25 °C and ~350 ppm atmospheric [CO2], 
but the extent to which individual plants in a given environment 

A B

Fig. 3. (A) Wood methoxyl Δ13CH2D vs. mean growing season daytime temperature for all wood formed before 1950 in the global compilation. Samples colored 
based on a categorization of water availability (replete, limited, or unknown; see Materials and Methods for details). Colored arrows illustrate our interpretation of 
the observed trends in water-limited vs. water-replete trees. Dashed gray line denotes 18°C, above which quantitatively different behavior is observed in water-
limited vs. water-replete trees. Bald cypress data point is the average of three time periods before 1950, to allow comparison to the other data on this plot. (B) 
Relationship between Δ13CH2D value and the isotopic difference between measured methoxyl hydrogen isotopic composition and mean annual precipitation 
(Dεmethoxyl–precip.) among all samples measured in study (including those formed after 1950, and the Ginkgo growth experiment). Legend in (A) also applies to (B). 
The gray line is the error-weighted linear regression along with the ±95%CI of the fit. The pink box is the average ±1SD of Dεmethoxyl–precip. from previous studies of 
continental Europe (n = 104, see refs. 31, 34, 58), adjusted for the interlaboratory offset in methoxyl δD scales (35). Error bars are ±1SE of measurement error 
for Δ13CH2D and ±95%CI of δD of mean annual precipitation for Dεmethoxyl–precip. values.
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depart from this value is generally not known (19, 20). We inter­
pret the results from the global dataset to indicate that the fluxes 
of photorespiratory metabolites to wood change with increasing 
growing season temperature and that the direction of this change 
depends on water availability. We now propose explanations for 
these results.

Similar Relative Photorespiration Rates in Cooler Climates. 
At low growth temperatures (<18 °C), Δ13CH2D and Dεmethoxyl–

precip. values appear insensitive to growing season climate, 
which we interpret to indicate that the relative contribution of 
photorespiratory vs. photosynthetic serine to lignin methoxyl 
groups is itself insensitive to environmental conditions. We consider 
two complementary explanations for this observation. First, it is 
possible that relative photorespiration rates are less sensitive to 
temperature at low temperatures. For example, at a constant [CO2] 
of 300 ppm and using the standard model for VO/VC described 
above that employs universal Rubisco kinetic parameters, VO/VC 
is about half as sensitive to a 3 °C change in temperature from 
15 to 18 °C as compared to 22 to 25 °C (SI Appendix, Fig. S13). 
However, the more complex P-model described above predicts that 
the sensitivity of VO/VC to temperature is more similar over these 
temperature ranges, although still slightly nonlinear (SI Appendix, 
Fig. S13). If the predictions of the P-model are more accurate, it 
suggests that this explanation is less likely.

Second, plants in boreal to temperate climates exhibit some 
degree of convergence in assimilation-weighted photosynthesis 
temperature that is not incorporated into our estimates of daytime 
growing season temperature [e.g., (68, 69)]; i.e., plants in cooler 
climates tend to preferentially assimilate more carbon during the 
warmer parts of the day. Thus, the true mean photosynthesis tem­
peratures of our samples from boreal climates, when weighted by 
assimilation rate at the scale of minutes or hours, are likely higher 
and more similar to those of temperate climates than what our 
mean monthly climate models predict. This would make VO/VC 
values, and thus Δ13CH2D and Dεmethoxyl–precip. values, more similar 
across a range of climates. This explanation is supported by existing 
evidence that Dεmethoxyl–precip. values are insensitive to temperature 
across all but the warmest climates in continental Europe [n = 
104, (31, 34, 58)].

Positive Correlation between Relative Photorespiration Rate and 
Temperature in Water-replete Trees. With increasing temperature, 
plants growing in water-replete conditions exhibit decreasing 
Δ13CH2D and Dεmethoxyl–precip. values. This can be explained as follows: 
Plants with less water limitation can afford to transpire more (9, 
60), maintain higher stomatal conductance and higher assimilation 
rates as temperatures increase, and thus photosynthesize at a higher 
temperature on average. If the photorespiratory export fraction to 
lignin remains constant or increases, then as temperature increases 
so will VO/VC and the relative contribution of photorespiratory 
serine to lignin methoxyl groups (Fig. 3A).

No Correlation or Negative Correlation between Photo­
respiratory Export and Temperature in Water-limited Trees. 
Among trees with some degree of water limitation, we observed that 
as temperatures increase above 18 °C, Δ13CH2D and Dεmethoxyl–precip.  
values either do not change or increase compared to samples 
grown at lower temperatures (Fig. 3A). The maximum Δ13CH2D 
values observed in this subset of data are 11‰, which is similar  
to the maximum value measured in the Ginkgo growth experiment 
at 1,000 ppm [CO2]. At this high [CO2], VO/VC is likely <0.1 
(SI Appendix, Fig. S13), and thus, we assume a Δ13CH2D value 
of ~11‰ approaches the pure photosynthetic endmember.

We considered two ways to explain this relationship as a conse­
quence of how water-limited plants respond to high temperatures. 
We first considered whether it could be the result of a midday 
depression (sometimes termed the diurnal depression), wherein 
plants in hot climates reduce stomatal conductance and assimilate 
less carbon during the hottest parts of the day (70–72). If this 
occurred in the trees studied, it would act to lower the assimilation- 
weighted mean photosynthesis temperature (and thus the average 
VO/VC) compared to the average daytime growing season temper­
ature we calculated using climate data alone. As this phenomenon 
is chiefly driven by vapor pressure deficit (71), the midday depres­
sion tends to increase with increasing water limitation (73) and 
would be more apparent in water-limited trees.

To test this idea quantitatively, we calculated differences 
between average daytime temperature and assimilation-weighted 
temperature using previously published datasets from hot climates 
where a midday depression in assimilation rate was observed 
(SI Appendix, Table S8). We found that reduced assimilation dur­
ing the midday depression can indeed lower average growth tem­
peratures in hot, water-limited plants, but only by up to 2 °C vs. 
ambient temperature and vs. water-replete plants from the same 
climates (see SI Appendix for details). This 2 °C difference is too 
small to be the only explanation for similar Δ13CH2D values in 
samples with average temperatures between 18 and 28 °C. It also 
can only explain why Δ13CH2D values from water-limited plants 
would not decrease with increasing environmental temperature, 
and cannot explain why Δ13CH2D values in some samples increase 
from ~10‰ to ~11‰ over the same temperature range, which 
suggests a dominantly photosynthetic source to lignin methoxyl 
groups despite an increasing VO/VC. We thus consider midday 
depressions to play a minor role in setting the Δ13CH2D values 
of water-limited systems and turn to another explanation.

Instead, we propose that the Δ13CH2D data reflect an increase 
in alternative sinks for photorespiratory serine (and associated inter­
mediates) at elevated temperatures under water-limited conditions 
in hot climates. Such additional sinks would act to reduce the pho­
torespiratory export fraction to lignin methoxyl groups. For example, 
some plants growing under water-limited conditions produce glycine 
and serine-rich dehydrin proteins, which help plants retain water 
(reviewed in ref. 74). A 13C labeling experiment showed that in a 
water-stressed soybean (Glycine max) leaf under low-CO2 condi­
tions, nearly all photorespiratory glycine was routed to leaf proteins 
to mitigate water loss instead of being used to make photorespiratory 
serine (75). If a similar response occurs in trees under water stress, 
then lignin methoxyl groups would acquire an increasing relative 
flux from photosynthate even as VO/VC increases as the photores­
piratory precursors would be shunted elsewhere. Put another way, 
plants growing under hot, water-limited conditions may photore­
spire more, but also export fewer photorespiratory metabolites to 
lignin. Alternatively, hot, water-limited trees with low stomatal 
conductance could reduce the photorespiratory export fraction alto­
gether. Specifically, a lower photorespiratory export fraction may be 
advantageous when chloroplasts are supply-limited (i.e., low CO2 
input) (47, 76). Either mechanism could reduce photorespiratory 
serine fluxes to lignin methoxyl groups and result in invariant or 
increasing wood methoxyl Δ13CH2D (and Dεmethoxyl–precip.) values 
with increasing temperature.

This explanation is supported by existing isotopic data from 
wood methoxyl groups: tropical plants with saline water sources 
(e.g., mangroves) have higher Dεmethoxyl–precip. values than nearby 
trees without salinity stress (33). This can be explained if tropical 
plants with saline water sources use more photorespiratory serine 
and glycine to make dehydrins than those with fresh water, and 
thus wood methoxyl δD values of plants with saline water are D
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higher than freshwater counterparts even if the δD of the water 
sources are similar, which agrees with observations (33). A key next 
step to test this proposal would be to independently model pho­
torespiratory export fraction to lignin vs. to other sinks as a func­
tion of environmental conditions (e.g., temperature, [CO2], and 
water availability) and compare these predictions to samples as we 
did for VO/VC with the water-replete samples above (Fig. 2C). 
However, this is not yet possible because, unlike with Rubisco 
kinetics, the environmental controls on photorespiratory export 
fractions are not sufficiently understood (47, 48, 52).

Implications for Relative Photorespiration 
Rates in the Near-future and Considerations 
for Reconstruction in the Past

The Effect of Photorespiration on GPP in Near-future Climates. 
With respect to the carbon budget of photosynthesis alone, 
photorespiration is considered deleterious to assimilation and a 
key limit on GPP (8, 77). As a result, rising atmospheric [CO2] 
in the near future is expected to suppress relative photorespiration 
rates, which will contribute to an increase GPP (often termed 
the CO2 fertilization effect) and therefore mitigate a portion of 
the anthropogenic rise in [CO2], even after accounting for the 
concomitant increase in global temperature (3, 78, 79). Such a 
suppression in relative photorespiration rate has been observed in 
some cultivated crops (24) and peat mosses (26), is supported by the 
bald cypress sample examined here (Fig. 2B), and has been proposed 
to have contributed to the ~30% rise in GPP over the Industrial Era 
(80, 81). However, photorespiration has benefits to plant growth 
beyond a strict accounting of photosynthetic carbon assimilation. 
For instance, photorespiration can protect plants from excess 
photooxidation (17, 82, 83) and promote important metabolic 
processes including nitrogen assimilation, sulfur cycling, and wood 
production (18, 46, 47, 84). It is therefore not obvious that further 
suppression of photorespiration globally through rising atmospheric 
[CO2] will necessarily increase the terrestrial carbon sink.

Our data contribute to this issue as follows. We interpreted the 
invariant Δ13CH2D data from cooler climates (<18 °C) to indicate 
that relative photorespiration rates are low overall (VO/VC < 0.25) 
and less sensitive to environmental temperature and water stress. 
This suggests that further gains in carbon assimilation rate asso­
ciated specifically with the suppression of photorespiration—i.e., 
by lowering VO—would be marginal in these environments. 
Instead, other factors may matter more for determining the effects 
of climate change on GPP, such as the direct effect of increasing 
[CO2] on increasing VC (81), the ability of individual species to 
acclimate to rising temperatures (85, 86), and the extent of nutri­
ent limitation (87), which could in fact be exacerbated by the 
suppression of photorespiration-associated nitrate assimilation 
(47, 84, 88). However, as these systems continue to increase in 
temperature, other changes to photorespiration that emerge at 
higher VO/VC values may matter as discussed below.

The Δ13CH2D data indicated that relative photorespiration rates 
do increase with temperature above ~18 °C but that trees appear 
to adjust the apportionment of photorespiratory metabolites 
depending on water availability. We interpreted the decreasing 
Δ13CH2D data vs. temperature from water-replete systems to indi­
cate that as VO/VC increases, more photorespiratory serine is 
exported and used in lignin methoxyl formation vs. serine from 
photosynthate. This maintenance or increase in the photorespira­
tory export fraction suggests that, here, the need to close the pho­
torespiration cycle to recover 3-PGA is balanced or outweighed by 
the benefits of exporting these metabolites to lignin production 
(18, 46, 47). One implication of this is that photorespiratory 

carbon loss is not limiting assimilation in these samples. If so, we 
speculate that suppression of photorespiration due to rising [CO2] 
may not necessarily stimulate additional growth in similar systems. 
If correct, this could help explain why the Industrial Era rise in 
[CO2] has not consistently increased biomass production in indi­
vidual trees in tropical climates based on tree ring width analyses 
(89).

In contrast, we interpreted the constant or increasing Δ13CH2D 
data vs. temperature from water-limited systems to indicate that 
as environmental temperature increases, water-limited trees 
respond by either reducing the photorespiratory export fraction 
and/or increasing the export of photorespiratory intermediates to 
systems that mitigate water stress like dehydrin proteins. The 
Δ13CH2D proxy cannot distinguish between these responses and 
a single response need not be shared by all trees studied. We expect 
that whether suppressing photorespiration with increasing [CO2] 
will or will not increase GPP in systems that are already hot and 
water-limited may depend on which response dominates. Plants 
from these environments that do not rely on the use of photores­
piratory metabolites for water stress management may respond 
positively to rising [CO2] by reducing VO/VC and thus allowing 
for either increased photosynthetic capacity or increased water use 
efficiency. Such increases in GPP have been observed in some 
tropical forests over recent decades and in some large-scale free-air 
carbon enrichment experiments (81, 88, 90). However, in other 
tropical forests, increases in biomass production have been chiefly 
due to increasing dry season rainfall, not rising [CO2] (91). Hot, 
water-limited plants that have a high photorespiratory export 
fraction to molecules that mitigate water stress will not necessarily 
benefit—and could in fact be harmed—by suppressing photores­
piration due to increasing [CO2] if this reduces their ability to 
manage water stress. For example, genetic mutants of the model 
plant Arabidopsis thaliana that lack a functional photorespiration 
cycle are less adept than the wild type at acclimating to conditions 
simulating drought stress (92). Given that rising vapor pressure 
deficits are increasing the fraction of plants facing water limitation 
worldwide (93, 94), understanding how photorespiration affects 
water-stressed plants, whether positive or negative, will only 
become more important in the near-future.

Potential for Reconstructions of Past Relative Photorespiration 
Rates. We have proposed a semiquantitative proxy for relative 
photorespiration rates and associated export fraction based on the 
clumped and stable hydrogen isotopic composition of methoxyl 
groups in wood. This method opens the possibility of reconstructing 
past relative photorespiration rates using fossil wood. Here, we 
close with considerations of the application of this proxy to ancient 
samples.

Wood methoxyl groups have been recovered from ancient tree 
rings from as far back as the early Eocene (55 Ma) and their 
hydrogen isotopic compositions used for paleoclimate reconstruc­
tion (30, 34, 95–97). These and other well-preserved samples 
should enable analysis and interpretation of the clumped isotopic 
composition of methoxyl groups over tens of millions of years. 
On these timescales, atmospheric [CO2] and, to a lesser extent, 
[O2] have varied from their present values (1), which would have 
driven global changes in VO/VC that this proxy could test for. 
Although degradation and alteration of Δ13CH2D signals is pos­
sible in ancient samples, methoxyl abundances, δ13C values (29), 
and Δ12CHD2 values can likely be used to monitor and screen for 
such effects (SI Appendix).

The response of this proxy to global climate variables appears 
to also depend on local factors, chiefly water availability. Thus, 
interpretation of the clumped isotopic composition of ancient D
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samples may be most useful when applied to fossils for which there 
is sedimentological evidence of the specific environment in which 
the tree grew. If information on the ancient environment is lack­
ing, it may be possible to use other isotopic systems such as cel­
lulose δ13C and δ18O to estimate carbon and water limitation.

Provided samples can be screened for diagenesis and placed in 
environmental context, example timeframes of interest include the 
Last Glacial Maximum, when both atmospheric [CO2] and global 
mean temperatures were lower, and prior work has argued that 
plants were effectively starving due to excessive photorespiration 
(98, 99). Further back in the early Neogene and Paleogene, atmos­
pheric [CO2] and global temperatures were substantially higher 
than today, and prior work has proposed that a decrease in [CO2] 
over this interval caused photorespiration to rise in C3 plants, 
slowing growth and silicate weathering rates, which stabilized 
[CO2] at lower values (100) and potentially provided evolutionary 
pressure to develop the C4 and CAM pathways (19). These hypoth­
eses implicate major differences in plant photorespiration rates at 
these times that may be testable with this technique. Such appli­
cations are clear next steps enabled by the proxy developed here.

Conclusions

Plant photorespiration is a key control on the gross primary produc­
tivity (GPP) of the terrestrial biosphere. The rate of photorespiration 
depends on temperature and atmospheric [CO2], and therefore, 
relative photorespiration rates are expected to vary across both space 
and time. Tests of these concepts have been limited because it is 
challenging to directly measure photorespiration rates outside of the 
laboratory and in ancient samples. Here, we have proposed, vali­
dated, and applied a proxy for relative photorespiration rate based 
on the isotopic composition of wood methoxyl groups. Specifically, 
we proposed that the clumped 13C–D and D/H isotopic composi­
tions of methoxyl groups in wood are sensitive to the mixing ratio 
of methyl group precursors derived from photorespiration cycle 
intermediates vs. from Calvin cycle products, which depends on the 
relative rate of oxygenation vs. carboxylation by Rubisco and the 
fraction of photorespiratory metabolites exported to make methoxyl 
groups in wood. We validated this proxy by examining the isotopic 
composition of methoxyl groups from plants without water limita­
tion and where either temperature or [CO2] varied in isolation. We 
tested it by observing a correlation in these samples between clumped 
13C–D and D/H isotopic compositions, which agreed with expec­
tations based on previous work. We then applied this proxy to a 
global dataset of wood formed between ~1800 and 1950 to examine 
how relative photorespiration rate varied with climate and water 
availability in an era of approximately constant atmospheric [CO2].

We observed global trends in methoxyl clumping with daytime 
growing season temperature that appear to diverge with increasing 
temperature depending on whether an individual plant was 
water-limited during growth. We interpreted this to indicate that 
relative photorespiration rates and the fraction of photorespiratory 
metabolites used to make methoxyl groups vary systematically 
with climate such that as photorespiration rates increased due to 
increasing temperature, water-replete plants exported proportion­
ally more photorespiratory metabolic intermediates to lignin. 
Water-limited plants responded to increasing temperature by 
either reducing photorespiratory export and/or redirecting more 
photorespiratory metabolites to systems that mitigate water loss.

These findings have the following key implications. The diver­
gent trends of clumped isotope compositions vs. temperature in 
water-replete and water-limited systems indicate changes to pho­
torespiration and thus GPP with rising [CO2] in a warming world. 
Trees growing in colder climates appear to have relatively low 

photorespiration rates, and thus, GPP here is likely less sensitive 
to a further suppression of photorespiration. In warmer climates, 
whether a future suppression of photorespiration will increase 
GPP in any one environment will depend on how the global 
[CO2] increase interacts with local changes in temperature and 
water availability, and the costs vs. benefits of exporting photores­
piratory metabolites in individual plants. Finally, in addition to 
being a useful monitor of changes to photorespiratory metabolism 
in the present and future, this proxy holds promise for reconstruct­
ing relative photorespiration rates in geologic past (up to tens of 
millions of years ago). This would allow us to explicitly test existing 
hypotheses regarding the changing influence of plant photorespi­
ration on climate (and vice versa) over geologic time.

Materials and Methods

Sample Materials. Wood samples were obtained from three sources:
1) Pre-1950 bulk wood samples from the Forest Products Laboratory: Most bulk 

wood samples were obtained from the Forest Products Laboratory at the University 
of California, Berkeley. A complete list of wood samples, sources, and sampling data 
are provided in SI Appendix, Tables S1 and S2. The repository houses ~1″ × 4″ × 4″ 
sections cut from longer boards of the main trunk of trees worldwide. Most samples 
(15 of 22) were from North American trees sampled as part of Project I from the 
New York Forest Service with the rest from same repository but chosen to provide a 
wider geographic range. Twenty of these wood samples were originally collected 
between 1934 and 1952. Among these twenty, sixteen reported tree ages, which 
were all less than 150 y at the time of sampling, such that most wood samples 
studied were formed between ~1800 and ~1950. The final two wood samples were 
collected in 1976 or 1977 as part of the S. Epstein (Caltech) collection, and consisted 
of entire trunk cross-sections including bark. For these, we specifically analyzed 
wood produced before 1950 by counting inwards from the last ring.

For each sample, we removed any outer bark and cambium if present. We then 
cut a ~5-mm-thick section against the grain with a coping saw to form a subsample 
for our measurement. Latewood and earlywood were mechanically separated with 
a razor blade where possible. In these cases, we combined latewood or earlywood 
from at least five annual growth rings to make one latewood sample and one 
earlywood sample per tree. If latewood and earlywood could not be separated, 
we pooled all material from at least five annual growth rings. The subsection was 
then powdered in a Wiley mill to produce 1–20 g of homogenized power. The saw 
and mill were cleaned with dry Kimwipes and compressed air between samples.

In the Main Text, we present results from latewood and whole wood (both 
latewood and earlywood combined) and do not distinguish between them. 
Comparisons between latewood and earlywood are presented and discussed in 
SI Appendix. Briefly, since earlywood is preferentially made in spring and incor-
porates more secondary stored carbon from previous growth years, we expect 
isotopic compositions to be more similar in earlywood compared to latewood 
in the same trees. We observed this, which supports with our central hypothesis 
about the controls on Δ13CH2D. Whether or not earlywood isolates are included 
in the main dataset does not affect our conclusions.

2) Bald cypress and giant sequoia annual and subannual tree rings: We supple-
mented these whole-wood samples with tree rings from bald cypress (Taxodium 
distichum) and giant sequoia (Sequoiadendron giganteum) cores.

The bald cypress sample comes from Arbuckle Creek, in south-central Florida, 
which retains a remnant stand of uncut old growth bald cypress trees present on 
the low-lying floodplain downstream from Lake Arbuckle. Some of the living bald 
cypress trees are large (1.5 to 3 m diameter at breast height) and over 300 y old. 
The derived tree-ring chronology extends from 1232 to 2018 and is based on both 
living trees and remnant wood found preserved on the floodplain. The specific 
core sample used in this study (ABC10B) was obtained from a living bald cypress 
at least 210 years old located at 27.65353N, 81.372456W, and at 19.4 m above 
sea level. The 5-mm-diameter core was extracted with a Swedish increment borer 
just above the basal swell on June 11, 2019, and each annual ring on ABC10B was 
dated to the exact calendar year of formation with dendrochronology.

Three giant sequoia (Sequoiadendron giganteum) specimens were studied 
that grew along the bank of Strawberry Creek, UC Berkeley campus, Berkeley, CA, 
USA (UCB-SEGI-1 and -2) or the Freeman Creek Grove, Southern Sierra Nevada, D
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CA USA (TD-FCUG-A-1). Specific sample locations are reported in SI Appendix, 
Table S1. All specimens were sampled using a 12-mm-diameter incremental 
borer at breast height following methods in ref. 101. Ages were determined by 
dendrochronology.

For all tree cores, rings from targeted time intervals were sectioned manu-
ally using a razor blade and powdered using a tungsten-carbide ball mill (Spex 
Sampleprep 8000). The ball mill was cleaned with compressed air, dry Kimwipes, 
and precombusted silica sand between samples. For the bald cypress core, we 
analyzed five samples, each consisting of a consecutive 10-y interval (for the 
first four) or 15-y interval (for the period of 2005 to 2019 due to decreasing ring 
width) that in total span the last 200 y (SI Appendix, Table S7). For each of the three 
giant sequoia cores, we created one sample of earlywood and one of latewood 
combining multiple years of growth, all from before 1950.

3) Basal shoots from high [CO2] Ginkgo biloba trees from Ginkgo growth exper-
iment: Basal root shoots from the 2020 growing season of the Fossil Atmospheres 
experiment (62) were excised from living trees in November 2020 and dried 
at 40 °C for 3 d. Bark and cambium were removed with razor blades and not 
analyzed. Xylem wood was powdered using a tungsten-carbide ball mill and 
cleaned between samples as described above.

Methoxyl Derivatization and Analysis. Wood methoxyl groups were derivat-
ized, purified, and analyzed using established methods described in ref. 35. Briefly, 
wood powders were reacted for 2 h with preboiled, 57% hydriodic acid (99.5% 
purity, stabilized, Sigma Aldrich) at reflux (130 °C). Evolved iodomethane (CH3I) 
was entrained in helium and continuously frozen in liquid N2 for the duration of 
the reaction. CH3I was purified using cryogenic and chemical steps on a glass vac-
uum line and quantitatively converted to chloromethane (CH3Cl) by reaction with 
a >10× molar excess of silver chloride (99.5% purity, Sigma Aldrich) at 80 °C for 
14–40 h. Resulting CH3Cl was purified with additional cryogenic steps and stored 
in a Pyrex break-seal until analysis. Isotopic compositions of CH3Cl were measured 
by dual-inlet high-resolution isotope-ratio mass spectrometry (IRMS) on a Thermo 
Scientific 253 Ultra at UC Berkeley and reported relative to VPDB (for δ13C), VSMOW 
(for δD), or the stochastic reference frame (for Δ13CH2D and Δ12CHD2) following ref. 
35. Δ12CHD2 is defined as Δ12CHD2 = (12CHD2R/12CHD2R*–1)×1000, where 12CHD2R 
= [12CHD2]/[12CH3] and * indicates the stochastic abundance. Individual measure-
ments are reported in SI Appendix, Table S3, and sample averages are reported 
in SI Appendix, Table S4. Typical 1σ external reproducibility (i.e., full procedural 
replicates) of wood methoxyl isotopic compositions is 0.5‰ for δ13C, 1‰ for δD, 
0.25‰ for Δ13CH2D, and 2.5‰ for Δ12CHD2.

Climate Variables and Mean Growing Season Temperature. Elevation and 
mean monthly temperature, precipitation, and cloud cover were estimated for each 
wood sample using the nearest 10-minute grid point from the CRU CL v.2.0 data-
set of mean monthly climate for the period of 1961–1990 (102). Mean monthly 
soil moisture and evapotranspiration fluxes were computed from these inputs 
using SPLASH v.1.0 (103). Following ref. 104, the growing season for each site was 
defined as the set of consecutive months with an average temperature above 5 °C 
and precipitation/equilibrium evapotranspiration > 0.05. Daytime temperatures 
were estimated as the average of the daily mean temperature and daily maximum 
temperature for each day in an average year as computed in SPLASH (103). Mean 
daytime growing season temperatures were the average of daily daytime temper-
atures for all months in the growing season. The annual isotopic composition of 
source water for each tree was estimated using the Online Isotopes In Precipitation 
Calculator (OIPC) v.3.1 (65, 66, 105), following previous work (31, 34, 58).

Determination and Categorization of Water Availability during Growth. 
Where possible, we categorized samples as having grown in water-limited or 
water-replete environments. We made these categorizations based on original 

collection notes for samples and/or historical climate data. A sample was deter-
mined to be water-replete only if it met either of the following conditions: 1) 
sample collection notes indicated tree was growing in a perennial standing 
water body, immediately next to a perennial standing water body, or had a root 
system that penetrated the water table; or 2) the historical climate data from 
CRU CL v.2.0, when used as an input to SPLASH v.1.0, found that soil moisture 
was at or above capacity (continuous runoff) throughout the growing season. 
Ginkgo growth experiments were watered regularly and thus also assigned to 
be water-replete.

Model Estimates of Oxygenation and Carboxylation Rates. Relative pho-
torespiration rates of RuBP oxygenation (VO) to carboxylation (VC) by Rubisco 
were estimated using the steady-state mechanistic leaf photosynthesis model 
of Farquhar, von Caemmerer & Berry (FvCB; 8) and the temperature response 
functions of ref. 10. In doing the modeling, we assumed that the ratio of  
ci/atmospheric [CO2] is 0.7 at 25 °C and depends on temperature following ref. 
106: i.e., from 20 to 30 °C, ci/atmospheric [CO2] decreases from 0.8 to 0.6. We 
assumed an atmospheric [CO2] value of 300 ppm for all samples grown between 
~1,800 and 1,950, except for the bald cypress tree where the specific average 
[CO2] during each growth interval was used (SI Appendix, Table S7). Incorporating 
the effect of mesophyll conductance, which has been shown to scale with stomatal 
conductance by a factor that is approximately constant worldwide (107), increases 
the sensitivity of VO/VC to atmospheric [CO2] by lowering [CO2] in the chloroplasts 
by an approximately constant factor but does not change our interpretations 
(SI Appendix). We assumed a constant atmospheric [O2] of 21%. In SI Appendix, 
we explore the effect of relaxing some of these assumptions by implementing a 
more complex model that incorporates the effects of water stress and the accli-
mation of photosynthetic parameters to local climate throughout the growing 
season [P-model v.1.0, (63, 64)]. The P-model compresses the range of VO/VC 
values predicted in samples from different climates by up to 30% relative but 
does not impact the significance of the correlation between Δ13CH2D and VO/VC. 
Because we do not interpret VO/VC values quantitatively, choice of model does 
not affect our interpretations (see SI Appendix for details).

Data, Materials, and Software Availability. All study data are included in 
the article and/or SI Appendix. All study data and software code used to gen-
erate all figures and analyses have been deposited and are freely available on 
ScholarSphere [DOI: 10.26207/zcnm-0x09 and 10.26207/6a4k-sf79].
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