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Changes in biomass allocation 
buffer low CO2 effects on tree 
growth during the last glaciation
Guangqi Li1,2, Laci M. Gerhart3, Sandy P. Harrison1,2, Joy K. Ward4, John M. Harris5 & 
I. Colin Prentice1,6

Isotopic measurements on junipers growing in southern California during the last glacial, when the 
ambient atmospheric [CO2] (ca) was ~180 ppm, show the leaf-internal [CO2] (ci) was approaching the 
modern CO2 compensation point for C3 plants. Despite this, stem growth rates were similar to today. 
Using a coupled light-use efficiency and tree growth model, we show that it is possible to maintain a 
stable ci/ca ratio because both vapour pressure deficit and temperature were decreased under glacial 
conditions at La Brea, and these have compensating effects on the ci/ca ratio. Reduced photorespiration 
at lower temperatures would partly mitigate the effect of low ci on gross primary production, but 
maintenance of present-day radial growth also requires a ~27% reduction in the ratio of fine root mass 
to leaf area. Such a shift was possible due to reduced drought stress under glacial conditions at La Brea. 
The necessity for changes in allocation in response to changes in [CO2] is consistent with increased 
below-ground allocation, and the apparent homoeostasis of radial growth, as ca increases today.

Fossil Juniperus spp. wood specimens from the La Brea Tar Pits in southern California (34.06°N, 118.36°W, 80 m 
a.s.l.) have been radiocarbon-dated to the second half of the last glaciation, between 55–22 ka BP, an interval when 
the climate was globally ca 5–8 °C colder than today1 and atmospheric CO2 concentration [CO2] was between 
180–220 ppm2. Stable carbon isotope discrimination was measured on these specimens to estimate the ratio of 
leaf intercellular [CO2] (ci) to ambient [CO2] (ca) at the time of growth3. The ci/ca ratio during glacial times was 
similar to that found today3,4, implying ci values of only 100–120 ppm (i.e. not far above the modern compensa-
tion point for C3 plants, ~40–70 ppm). The low ci values imply a strong reduction in gross primary production 
(GPP). Nevertheless, remarkably, measurements of annual growth rate of these trees (as shown by the width of 
the annual rings) show that stem growth was similar to today5.

Palaeoenvironmental evidence indicates that the climate in the La Brea region during the glacial was both 
cooler and wetter than today6,7. Pollen-based reconstructions show a cooling of 2–6 °C in both summer and 
winter8. Mean annual precipitation was 100–300 mm more than today, as a result of circulation changes due to 
southward deflection of the Westerlies by the Laurentide Ice Sheet9–11, and relative humidity was also greater than 
present as shown using 18O data3. These changes in climate could potentially have compensated for the impact of 
ci on GPP and growth, through the effect of lower temperature in reducing photorespiration (thus lowering the 
compensation point), and/or through reducing the potential loss of photosynthetic activity due to drought stress. 
However, as shown experimentally in herbaceous C3 species12,13, it is unlikely that these effects would have been 
sufficient to compensate for the reduction in GPP due to low ci.

A growing body of evidence suggests that changing [CO2] results in changes in carbon allocation between 
aboveground (leaf, stem) and underground (root) biomass pools. Observations of the response to artificially high 
[CO2] conditions in Free-Air Carbon Enrichment (FACE) experiments show that trees typically allocate more 
carbon below ground, in the form of increased root mass and increased exudates14–20, often at the expense of 
stem growth21. The widespread failure to detect a response to increasing [CO2] during the 20th century in many 
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tree-ring records22–24 is consistent with the idea that increased productivity due to increased [CO2] does not nec-
essarily lead to increased stem growth and may be reflected in changes in allocation. Furthermore, there is some 
evidence for structural changes and decreased below ground allocation in modern C3 woody species grown at 
glacial [CO2]25,26.

Here we use a generic light-use efficiency model, ‘P’27,28 coupled to a species-specific carbon allocation model, 
‘T’29 that has been shown to reproduce the observed growth response to climate and [CO2] changes during the 
historic period in both cold, humid and warm semi-arid conditions29,30, to investigate whether climate conditions 
and/or changes in allocation strategy facilitated the growth of junipers during the glacial at the La Brea site.

Results
The average ci/ca ratio of the fossil wood samples from La Brea dated to the glacial sensu stricto (55–22 ka BP) 
is 0.51 ±​ 0.02 (mean ±​ standard deviation), while the value for the sample closest to the glacial maximum is 
0.53 ±​ 0.01 (22 ka BP sample), which is comparable to the value of 0.53 ±​ 0.05 for modern samples from six south-
ern Californian sites3,4. The modern comparison sites are at higher elevations (630 to 2830 m a.s.l), at locations 
that are more similar in climate to the glacial climate of La Brea. The average ring width for all the fossil glacial 
specimens is 1.39 ±​ 0.9 mm while the value for the 22 ka BP sample is 1.83 ±​ 0.6 mm, which can be compared to 
1.16 ±​ 0.8 mm for the modern trees4.

The six modern southern Californian records were primarily collected for isotopic measurements; some of 
these records are very short (<​50 years) and there are too few replicates to provide a well-founded record of 
the response of stem growth to climate variability. To test how well the coupled light-use efficiency and carbon 
allocation model (hereafter called PT) explicitly simulates the radial growth of Juniperus, we used a record of 
Juniperus occidentalis from site CA640 (36.95°N, 118.92°W, 2630 m a.s.l.). CA640 provides a cross-dated record 
of tree ring widths for the period 1903 to 198531; however, there are no isotopic measurements from this record. 
The PT model captures the observed amplitude and interannual variability of radial growth at site CA640 during 
the historic period (Fig. 1). The simulated mean ring width is 0.79 mm compared to the observed average width 
of 0.73 mm, and the correlation between simulated and observed interannual variability is significant (r =​ 0.50, 
p <​ 0.001). The model captures longer-term trends (e.g. decadal trends) in growth better than interannual var-
iability (for 10-year smoothed means, r =​ 0.8, p =​ 0.018). The simulations and observations show consistent 
responses to different climate drivers (Supplementary Fig. 1). These include a significant positive correlation 
with photosynthetically active radiation (PAR) and [CO2], a positive response to soil moisture (as measured 
by the ratio of actual to equilibrium evapotranspiration: α​), a positive response to temperature, and a negative 
response to vapour pressure deficit (VPD). The response to temperature, α​ and VPD is significant in the simu-
lations but not in the observations, probably because these relationships are obscured by local factors in the field 
environment.

Simulated ci is obtained from ca via the “least-cost hypothesis”32,33. The simulated ci/ca ratio decreases with 
elevation under modern conditions at La Brea and the southern Californian sites (Fig. 2). This decline is partly a 
result of differences in temperature, which decreases from 16.6 °C at the lowest elevation to 6.7 °C at the highest 
elevation, and partly due to effects of decreasing air pressure. The simulated glacial ci/ca ratio at La Brea and each 
of the modern southern Californian sites, derived using climate variables for the Last Glacial Maximum (LGM, ca 
21,000 years ago) from the Community Climate System Model Version 4 (CCSM4) climate model34,35 adjusted to 
account for the bias in the modern control simulation and interpolated to the appropriate elevation, is the same as 
simulated under modern conditions (Fig. 2). The LGM ci/ca simulated at La Brea is 0.57 ±​ 0.01, close to the value 
of 0.53 ±​ 0.01 obtained for the glacial sample closest to the LGM (22 ka BP).

The known changes in regional climate at the LGM, specifically the year-round reduction in temperature and 
the decrease in aridity, would have opposite effects on ci/ca. According to the least-cost hypothesis (supported 
by field measurements in contrasting climates33 and a large global compilation of δ​13C data28), the effect of a 
decrease in temperature is to increase water viscosity and hence the cost of water transport and reduce the cost of 

Figure 1.  Evaluation of simulated and observed tree ring variations under modern climate conditions.  
Comparison between simulated and observed Juniperus occidentalis ring widths, for the period 1903 to 1985, 
from site CA640 (36.95°N, 118.92°W, 2630 m a.s.l.). The black line is the mean of observations and the grey bars 
are the standard deviation (SD) between trees. The red line is the mean from the simulations.
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CO2 fixation by decreasing photorespiration, both of which should result in reduced ci/ca
28. Conversely, a wetter 

climate would imply reduced VPD, which should tend to increase ci/ca. Sensitivity tests, using either modern 
temperature with glacial VPD or glacial temperature with modern VPD, show that these two effects are of roughly 
equal magnitude (Fig. 3).

The low glacial ci values (simulated values ~90–110 ppm) result in simulated values of potential GPP of 
3.9 kg C m−2 a−1. The simulated GPP at La Brea under modern climate is 4.3 kg C m−2 a−1, while simulated GPP 
under modern climate at the six higher-elevation sites ranges from 4.4 to 5.2 kg C m−2 a−1. To investigate this, we 
ran a suite of PT model simulations with glacial climate conditions and with [CO2] levels varying between 320 
and 160 ppm. We used approximate Bayesian computation36–38 to determine what changes in the carbon alloca-
tion parameters (specifically leaf area index and the ratio of fine root mass to foliage area) would be required to 
maintain the observed ring width of 1.83 mm at 22 ka BP, keeping all other T-model parameters the same as in the 
modern simulations of CA640.

These simulations (Fig. 4) show that ring width can be maintained under glacial conditions by a small 
decrease in leaf area index, L, and by decreasing the ratio of fine root mass to foliage area, ζ​. At 180 ppm (i.e. the 
approximate level of CO2 at 22 ka BP), the reduction in L is ca 8% and the reduction in ζ​ is ca 27% compared 
to values obtained with [CO2] levels corresponding to the mean during the 20th century (320 ppm). Simulated 

Figure 2.  Changes in ci/ca with elevation. The left panel shows the simulated ci:ca at La Brea and the southern 
Californian sites under modern (red) and glacial (blue) conditions. The bars show two standard deviations from 
the mean value for each site during the simulation period (50 years for modern, 100 years for glacial). The right 
panel shows the observed ci:ca from modern trees (all values for the period 1951–2000, red) and the 22 ka BP 
fossil sample from La Brea (blue).

Figure 3.  Impact of temperature and vapour pressure deficit (VPD) on ci/ca. The plot shows the simulated 
impact of using either modern-day temperature or modern-day vapour pressure deficit (VPD) on ci/ca when 
all other climate variables are kept at glacial values. The blue symbols show the c ci/ca ratio under full glacial 
conditions.
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photosynthetic capacity at a standard temperature of 25° C (Vcmax[25]) was higher by 73% at the LGM compared 
to modern, and stomatal conductance was higher by 60%, consistent with the general pattern shown by Becklin  
et al.39. GPP was reduced by 24% and NPP was reduced by 22% due to the low ci. However, the allocation to foli-
age increased from 18.2% at high CO2 to 20.8% at low CO2 while the allocation to roots decreased from 16.5% 
to 14.2%.

The simulated reduction in GPP already takes account of one impact of the colder glacial climate on primary 
production through the reduction of photorespiration at lower temperatures: the carbon cost through photores-
piration would be ~20% more without this reduction. However, temperature also affects moisture supply through 
reducing saturated atmospheric vapour pressure and hence evapotranspiration. The reduction in temperature and 
increase in precipitation, and the implied increase in relative humidity, at the LGM in this region all have favour-
able impacts on moisture supply – which could be of importance given the very large simulated reduction in root 
mass at the LGM. To examine the relative importance of each of these factors on radial growth at the LGM, we 
ran a series of sensitivity tests in which we substituted modern values of these variables separately and in combi-
nation (Fig. 5), holding all other variables (including [CO2]) at glacial values. When temperature is set to modern 
values, ring widths decrease by 47%. The effect of precipitation changes alone is smaller, leading to a reduction of 
ring widths by 17%. The combined impact of warmer temperature, less precipitation and decreased humidity is 
equivalent to a 68% decrease in ring width. These experiments suggest that regional changes in climate during the 
LGM contributed to the maintenance of tree growth under low [CO2].

Discussion
Natural changes in [CO2], and indeed climate, since the Last Glacial Maximum were as large as (although much 
slower than) the projected changes over the 21st century as a result of anthropogenic changes in greenhouse gas 
concentrations40. Measurements on glacial fossil Juniperus wood provide a picture of tree growth after long-term 
adaptation to low [CO2] and glacial climate. The low temperature and low [CO2] during the glacial climate is the 
converse of modern changes towards high [CO2] and temperature and so we would expect biotic responses also 
to be opposite to those taking place today. Free-air Carbon dioxide Enrichment (FACE) experiments have shown 
increased root system biomass as a response to elevated [CO2]14–19,41. Increased carbon export to mycorrhizae or 
the rhizosphere could also be responsible for the increasing below ground allocation20,42. Either way, the response 
is presumably adaptive, reflecting the need for plants to acquire additional nutrients, most notably nitrogen, 
to support increased total net primary production that is made possible by higher photosynthetic rates under 
enhanced [CO2].

[CO2] has increased greatly since pre-industrial time (from 280 to 400 ppm). Increased photosynthesis at the 
leaf level is a nearly universal response to enhanced [CO2] in C3 plants43,44, as is the enhancement of water use 
efficiency, due to increased photosynthesis combined with reduced stomatal conductance, which has been cal-
culated from stable carbon isotope measurements in tropical forests24 and elsewhere23. However, several studies 
including that of van der Sleen et al.24 have failed to show any concomitant increase in stem radial growth. A 
possible explanation mooted by van der Sleen et al. is increased below-ground carbon allocation24. The lack of a 
[CO2] signal in the radial growth of trees has also been noted consistently in mid- to high-latitude regions22,23. 

Figure 4.  The impact of [CO2] on carbon allocation. The results show the impact of Bayesian optimisation 
using glacial climate variables and different levels of [CO2] between 320 and 160 ppm. The optimised variables 
are the ratio of fine-root mass to foliage area (ζ) and the leaf area index within the crown (L).
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Model simulations for Callitris in the Great Western Woodlands, Western Australia, where the trees also show 
no increase in ring width with increasing [CO2], showed that a modest increase in the ratio of root mass to foli-
age area (ζ​) is sufficient to account for the lack of a [CO2] signal in ring widths30. The phenomenon could not be 
explained by variation in any other parameter of the T model. Thus, it is plausible that allocation shifts – con-
sistent with the increased nutrient requirements for growth under high [CO2] and reduced requirements under 
low [CO2] – could be causing an apparent homoeostasis in the radial growth rates of trees with respect to [CO2]. 
The homoeostasis in radial growth seen at La Brea is also apparent in other tree-ring records dated to the last 
glaciation45–47, suggesting that changes in allocation are a widespread response to both glacial-interglacial and 
contemporary CO2 changes.

Our model-based analysis indicates that the observed stability in tree ring widths through time is not neces-
sarily indicative of neutral growth responses to changing climate and [CO2] but could plausibly be explained by 
changes in allocation. It has also been suggested that this stability reflects changes in nutrient (specifically nitro-
gen) availability from glacial to present39,48. Becklin et al.39 measured the nitrogen content of fossil leaf specimens 
from the LGM and the late Holocene, and argued that the observed declining leaf nitrogen levels would result in 
reduced photosynthetic capacity and hence growth as [CO2] increased39. Changes in allocation and in nutrient 
availability are not mutually exclusive hypotheses, however, since nutrient limitation would be an important 
mechanism driving enhanced below-ground allocation. More information about leaf39 and soil48 nitrogen con-
tent could help in separating the direct (e.g. growth effects) versus indirect effects (e.g. allocation responses) of 
increasing carbon availability and decreasing nitrogen status through time, but unfortunately such measurements 
are not available for the La Brea site. Thus, we have focused here on the response to environmental factors for 
which there is unequivocal evidence for local changes, specifically climate and [CO2]. The potential for changes in 
above- and below-ground allocation in response to any environmental changes (including nutrient availability) 
has profound implications for global change biology, physiological ecology, evolutionary biology, dendrochronol-
ogy and dendroclimatology, and deserves more attention.

Methods
Juniperus Sampling.  Juniperus tree specimens were obtained from the Rancho La Brea tar pits (Los Angeles, 
CA) and 14C dated to 22–55 ka BP. Modern Juniperus tree specimens from southern California were obtained by 
coring trees currently growing in the Angeles and San Bernardino National Forests, CA. Details of sampling loca-
tions and stable isotope analysis are provided in Gerhart et al.4. Samples were first cleaned of tar (for the glacial 
specimens), then sanded. Samples were then imaged at high resolution using a flatbed scanner and ring widths 
were measured to the nearest 0.1 mm using Photoshop. Measured ci/ca and ring width on glacial samples from La 
Brea and modern sites from southern California are given in Supplementary Table 2.

Figure 5.  Impact of individual climate variables on simulated glacial ring widths. Each experiment is run 
by imposing modern values for a variable or combination of variables with all other variables (including CO2) 
held at glacial values. The bars show the percentage change in simulated ring width between each experiment 
and the baseline glacial simulation. H has modern relative humidity; P has modern precipitation; T has modern 
temperature; TP has both modern temperature and precipitation; TPH has modern temperature, precipitation 
and relative humidity. In the final experiment (Full) all of the climate variables are modern and only CO2 is set 
to glacial levels.
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The PT model.  Potential gross primary production (GPP) was simulated by a generic light-use-efficiency 
model (a modified version of the P model27,28). The resulting GPP is allocated to foliage, transport tissue, and 
fine-root production and turnover via a geometric tree-growth model (T model29) that has a limited number of 
species-specific parameters influencing the allocation of carbon to different compartments. Tree growth (includ-
ing stem radial growth) is simulated on an annual basis.

Potential GPP is determined by the photosynthetically active radiation (PAR) incident on the vegetation can-
opy during the growing season (here defined as the period with temperatures above −​1 °C, consistent with obser-
vations that photosynthesis can occur at temperatures below 0 °C in temperate climates49) determined by the 
maximum quantum efficiency of photosynthesis (Φ​0), and the CO2 limitation effect:

= Φ − Γ + ΓGPP pot PAR(c *)/(c 2 *) (1)0 i i

where Φ​0 is set to 0.816 g C mol−1 photon, equivalent to a quantum efficiency of 0.085 mol C mol−1 photon27,50 and 
a leaf absorptance of 0.8 is assumed. PAR is calculated based on solar geometry and is subsequently modified by 
atmospheric transmission, depending on elevation and cloud cover.

The effects of photorespiration and substrate limitation at subsaturating [CO2] are represented as a function of 
the leaf-internal [CO2] (ci) and the photorespiratory compensation point (Γ​*). ci is obtained from

= ξ ξ + √c /c /( D), (2)i a

where D is the vapour pressure deficit, VPD, and ξ​ is the stomatal sensitivity. ξ​ is obtained from:

ξ = √ βΚ . η( /(1 6 *)), (3)

where β​ is the ratio of unit costs for carboxylation and transpiration at 25 °C; Κ​ is the effective Michaelis–Menten 
coefficient for Rubisco-limited photosynthesis, depending on temperature, atmospheric pressure and oxygen 
concentration; η​* is the viscosity correction factor (the ratio of the viscosity of water at current temperature to 
that at 25 °C).

The photorespiratory compensation point (Γ​*) is controlled by temperature, and described by an exponential 
closely approximating the Arrhenius function:

Γ = Γ . ∆* * exp(0 0512 T) (4)25

where Γ​*25 is the value of Γ​* at 25 °C (4.331 Pa), and Δ​T is the temperature difference from 25 °C.
GPP is further modified by a factor (α​/1.26)1/4 (α​ is the ratio of actual to equilibrium evapotranspiration) to 

account for GPP reduction due to drought.
GPP from the P model is used as input to the T model. In this model, the fraction of incident PAR absorbed by 

the canopy (fAPAR) is estimated from the leaf area index (LAI) within the canopy and used to convert potential 
to actual GPP using Beer’s law. Annual net primary production (NPP) is derived from annual GPP, corrected for 
foliage respiration, by deducting growth respiration (assumed to be proportional to NPP) and the maintenance 
respiration of sapwood and fine roots. NPP is allocated to stem, foliage and fine-root increments, foliage turnover 
and fine-root turnover. Carbon is allocated to different tissues within the constraint of the basic functional or 
geometric relationships between different dimensions of the tree, including asymptotic height-diameter trajecto-
ries. A full description of the T model is given in Li et al.29. The P and T model codes are available from (https://
guangqili@bitbucket.org/guangqili/pt-model.git).

The T model requires 11 species-specific parameters to be specified, most of which can be obtained from the 
forestry literature (Supplementary Table 1). The shape parameters (initial slope of the height-diameter relation-
ship, initial ratio of crown area to stem area, maximum tree height) are site specific, but were not available for 
either the CA640 or the La Brea trees. Parameter values for sapwood specific respiration and the ratio of fine root 
mass to foliage area for Juniperus were not available. Appropriate values for the shape parameters for Juniperus, 
and generic needleleaf tree values for sapwood specific respiration and the ratio of fine root mass to foliage area, 
were derived from the literature (Supplementary Table 1) and then optimized using approximate Bayesian com-
putation36–38 using observed climate and [CO2] for the period 1930–1980. The calibration objective was to min-
imise the absolute difference between modelled and observed mean tree-ring width at site CA640 (36.95°N, 
118.92°W, 2630 m a.s.l.) during the calibration period and the criterion for convergence was a difference of no 
more than ±​2.5% of the mean value. The prior of each parameter (Supplementary Table 1) was based on the 
median of the published values, and the standard deviation was set to half of the median value.

The T model accumulates carbon over an effective growing season, here set to 2 years commencing from 
the middle of the year two years before the year of tree-ring formation (July of −​2 year to June of current year) 
following the treatment for water-limited species described in Li et al. (2015)30. We checked that this treatment 
was appropriate for Juniperus in California using an ordinary least-squares multiple linear regression of driving 
climate variables (total annual photosynthetically active radiation: PAR, mean annual temperature: MAT, the 
ratio of actual to potential evapotranspiration: α​, vapour pressure deficit: VPD, and [CO2]) accumulated over 
varying periods of time against mean tree-ring width from CA640 during the period from 1930–1980. This anal-
ysis confirmed that the 2-year accumulation period was appropriate and correlations were significantly worse for 
either longer or shorter intervals.

Climate and CO2 input: modern.  Climate data for the CA640 site was obtained from 0.5°CRU TS v3.22 
data set51, which provides time series of mean monthly temperature, diurnal temperature range, precipitation, 
vapour pressure and cloudiness (CRU: https://crudata.uea.ac.uk/cru/data/hrg/). It is not possible to discriminate 

https://guangqili@bitbucket.org/guangqili/pt-model.git
https://guangqili@bitbucket.org/guangqili/pt-model.git
https://crudata.uea.ac.uk/cru/data/hrg/
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the elevations of the modern southern Californian sites at this resolution. We therefore derived an elevational 
correction factor for each monthly climate variable using the modern climatology data from the 10′​ CRU CL 2.052 
and applied this to the time series data to derive interannually-varying climate values at the elevation of each site. 
Modern [CO2] observations are based on merging ice-core records for the interval from 1901 to 195753,54 and the 
yearly average of direct atmospheric measurements from Mauna Loa and the South Pole stations from 1958 to 
2013 (http://scrippsco2.ucsd.edu/data/merged_ice_core/merged_ice_core_yearly.csv).

Climate and CO2 input: LGM.  We used model outputs from a Last Glacial Maximum (LGM, 21,000 years 
ago) and a control simulation (piControl) run with the Community Climate System Model Version 4 (CCSM4) fol-
lowing the PMIP3/CMIP5 protocol (https://pmip3.lsce.ipsl.fr/). The LGM simulations are available from the Earth 
System Grid Federation (ESGF: http://cmippcmdi.llnl.gov/cmip5/data_getting_started.html). This is an equilib-
rium simulation with fixed values of CO2 throughout (180 ppm) and thus the interannual variability is not forced 
but reflects internal variability. The simulated times series of LGM monthly climate was corrected, to remove the 
potential difference between the piControl and the modern climate at each site, by adding the difference between 
the long term mean of the last 100 years of the piControl and the elevation-adjusted climatology between 1961–
1990 at each site to the LGM times series. Glacial [CO2] are from the Taylor Dome ice-core records55.

Simulations.  The PT model was run using inputs of monthly climate and annual changes in CO2. Ring widths 
for CA640 are available from the International Tree Ring Database (https://www.ncdc.noaa.gov/data-access/
paleoclimatology-data/datasets/tree-ring). Information about the diameter of the modern trees used to construct 
the CA640 record at the time of sampling is not available. We therefore initialized the T model component of the 
simulations with a diameter of 0.3 m. The simulations were run with varying climate and CO2 from 1903–1985. 
Model outputs of simulated ring width for the modern validation are given in Supplementary Table 3.

The calculations of simulated ci/ca under modern day conditions, at the elevation of the La Brea Tar Pit and for 
each of the southern California sites, were made for the period of 1951–2000. This interval was chosen to maxi-
mize comparability with the observed values of ci/ca at the southern Californian sites. The calculation of simulated 
ci/ca under glacial conditions was made using the last 100 years of the LGM simulation. Given that this is an equi-
librium simulation, the different length of the averaging period between LGM and modern makes no difference 
to the comparison. In addition to the LGM simulation, we ran two sensitivity tests in which we used (a) modern 
monthly temperatures with glacial monthly VPD and (b) glacial monthly temperatures with modern monthly 
VPD. These are the only two climate variables that impact the calculation of ci/ca in the P model. The impact of the 
small change in elevation above sea level between LGM and present (~120 m) is negligible for these calculations.

Tree growth under LGM conditions was simulated using the parameters values used for the modern simulations, 
with the exception of the leaf area index and the ratio of fine root mass to foliage area. These allocation parameters 
were optimized using approximate Bayesian computation36–38 using simulated LGM climate and 180 ppm [CO2]. The 
calibration objective was to minimise the absolute difference between modelled and observed mean tree-ring width 
(1.83 mm at 22 ka) and the criterion for convergence was a difference of no more than ±​2.5% of the mean value.

The simulations to test the sensitivity of radial growth to individual climate variables were run by perturbing 
monthly temperature, precipitation and relative humidity singly and in combination. In each test, the modern 
values of the variable were substituted for the glacial values, holding all other variables including [CO2] at glacial 
values. Model outputs of simulated GPP, NPP, ci/ca, ring width, Vcmax, stomatal conductance (gs) for modern and 
LGM simulations at La Brea, and for the LGM sensitivity runs are given in Supplementary Table 4.
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