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Abstract
Climate change will impact gross primary productivity (GPP), net primary productiv-
ity (NPP), and carbon storage in wooded ecosystems. The extent of change will be 
influenced by thermal acclimation of photosynthesis—the ability of plants to adjust net 
photosynthetic rates in response to growth temperatures—yet regional differences in 
acclimation effects among wooded ecosystems is currently unknown. We examined 
the effects of changing climate on 17 Australian wooded ecosystems with and without 
the effects of thermal acclimation of C3 photosynthesis. Ecosystems were drawn from 
five ecoregions (tropical savanna, tropical forest, Mediterranean woodlands, temper-
ate woodlands, and temperate forests) that span Australia's climatic range. We used the 
CABLE-POP land surface model adapted with thermal acclimation functions and forced 
with HadGEM2-ES climate projections from RCP8.5. For each site and ecoregion we 
examined (a) effects of climate change on GPP, NPP, and live tree carbon storage; and 
(b) impacts of thermal acclimation of photosynthesis on simulated changes. Between 
the end of the historical (1976–2005) and projected (2070–2099) periods simulated an-
nual carbon uptake increased in the majority of ecosystems by 26.1%–63.3% for GPP 
and 15%–61.5% for NPP. Thermal acclimation of photosynthesis further increased GPP 
and NPP in tropical savannas by 27.2% and 22.4% and by 11% and 10.1% in tropical 
forests with positive effects concentrated in the wet season (tropical savannas) and the 
warmer months (tropical forests). We predicted minimal effects of thermal acclimation 
of photosynthesis on GPP, NPP, and carbon storage in Mediterranean woodlands, tem-
perate woodlands, and temperate forests. Overall, positive effects were strongly en-
hanced by increasing CO2 concentrations under RCP8.5. We conclude that the direct 
effects of climate change will enhance carbon uptake and storage in Australian wooded 
ecosystems (likely due to CO2 enrichment) and that benefits of thermal acclimation of 
photosynthesis will be restricted to tropical ecoregions.
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1  |  INTRODUC TION

Climate change poses an enormous threat to the potential productiv-
ity of wooded ecosystems. This is critical to the global carbon cycle 
because wooded ecosystems contribute 37 to 60 Pg C year−1 (~40%–
50%) to global gross primary productivity (GPP; Cai et  al.,  2014) 
and store 300 to 363 Pg C in live biomass (Kohl et  al., 2015; Pan 
et al., 2011). Since the end of the 19th century global average sur-
face temperatures have increased by around 1.1°C with the most ex-
treme emissions scenario projecting further increases of up to 3.3°C 
by 2100 (i.e., total increase of 4.4°C under SSP5-8.5, IPCC, 2021). 
Under this scenario (SSP5-8.5) average air temperatures may exceed 
current conditions by a minimum of 3°C in tropical regions and a 
maximum of 8°C in arctic/boreal regions by 2100 (Arias et al., 2021). 
Such large temperature increases could push wooded ecosystems 
into thermal regimes that are suboptimal for carbon uptake if aver-
age air temperatures exceed current thermal optima for GPP (Topt, 
Huang et al., 2019). This would have significant impacts on GPP with 
potential flow-on effects to net primary productivity (NPP) and veg-
etation carbon storage. However, since plants have the capacity to 
adjust photosynthesis to growth temperature (Yamori et al., 2014), 
many wooded ecosystems may adjust (i.e., acclimate) GPP as their 
temperature regimes change. The extent to which this adjustment 
will alter the future carbon uptake and storage of wooded ecosys-
tems at regional scales remains largely unexamined.

Acclimation of photosynthesis to growth temperature in C3 
plants, the dominant photosynthetic pathway in woody ecosystems, 
has been firmly established by many experimental studies (see e.g. 
Aspinwall et al., 2016; Bermudez et al., 2021; Gunderson et al., 2010; 
Mooney et al., 1978; Scafaro et al., 2017; Sendall et al., 2015; Slot 
& Winter,  2017). Whilst not all plants have shown acclimation 
(Dillaway & Kruger, 2010; Drake et al., 2016; Smith et al., 2020), for 
those that do, the type and strength of acclimation response can 
vary with species (Dusenge et  al.,  2019; Gunderson et  al.,  2010; 
Li et  al., 2016), plant functional type (PFT; Smith & Dukes, 2017; 
Way & Yamori, 2014; Yamori et al., 2014), climate of origin (Drake 
et al., 2015), and season (Kolari et al., 2014; Lin et al., 2013). Plants 
that acclimate use various mechanisms. For example, plants grown 
at reduced temperature can increase the quantity of photosyn-
thetic enzymes and/or the ratio of unsaturated to saturated fatty 
acids, whilst plants grown at increased temperature can increase 
membrane integrity and electron transport capacity, decrease the 
activation state of Rubisco, alter the expression of heat shock pro-
teins, and/or decrease the ratio of unsaturated to saturated fatty 
acids (Yamori et al., 2014). Through these adjustments, plants can 
thus photosynthesize more effectively at their growing temperature 
within as little as 1–14 days (Vico et al., 2019). This acclimation to air 
temperature may impart a strong effect on ecosystem-scale photo-
synthesis (i.e., GPP), carbon gain (as NPP), and the accumulation of 
carbon in terrestrial pools (i.e., biomass, litter, and soil carbon pools) 
as the climate warms.

The ability of plants to acclimate photosynthesis to growth 
temperature has the potential to significantly influence model 

predictions of ecosystem carbon dynamics under climate change 
(Arneth et al., 2012; Booth et al., 2012; Smith & Dukes, 2013). Under 
the most extreme emissions scenario, including thermal acclimation 
of photosynthesis in global-scale simulations increased average pho-
tosynthetic rates (Smith et al., 2017) and terrestrial carbon storage 
(Lombardozzi et al., 2015; Mercado et al., 2018; Smith et al., 2016) by 
the end of the 21st century relative to simulations without thermal 
acclimation of photosynthesis. Annual average net photosynthetic 
rates were predicted to increase by 56.8 g C m−2 year−1 in simula-
tions using the Community Earth System Model (Smith et al., 2017), 
whereas total global land carbon storage was predicted to increase 
by 8 ± 6% (35 ± 14 Pg C) using the Joint UK Land Environment 
Simulator (JULES; Mercado et al., 2018) and by ~10% (10.7 ± 1.1 Pg 
C) using Community Land Model (CLM; Lombardozzi et al., 2015). 
When thermal acclimation of foliar respiration was also included 
land carbon storage was higher by ~6% at the end of the century 
using Land Model 3 (LM3; Smith et al., 2016) and by 22% in CLM 
(Lombardozzi et al., 2015).

Despite indications from global-scale simulations, questions re-
main regarding regional variations in the influence of photosynthetic 
thermal acclimation on carbon uptake and storage. In the tropics, 
including thermal acclimation enhanced photosynthesis by ~190 g C 
m2 year−1 (Smith et al., 2017) and average GPP by ~30% (Mercado 
et  al., 2018). However, predicted outcomes with thermal acclima-
tion for tropical carbon storage range from decreased vegetation 
carbon (Smith et al., 2016, noting that foliar respiratory acclimation 
was also included), to minor increases in ecosystem carbon stor-
age (Lombardozzi et al., 2015), to increased land carbon storage by 
~9.6 ± 5.8% (Mercado et al., 2018). Likewise, in arctic/boreal regions 
thermal acclimation of photosynthesis was alternately predicted to 
increase photosynthesis by ~95 g C m2 year−1 (Smith et al., 2017) and 
to increase land carbon gains (Lombardozzi et  al., 2015) or to de-
crease land carbon by ~3.5% (Mercado et al., 2018). Overall, model 
simulations demonstrate a substantial effect of thermal acclimation 
of photosynthesis on future GPP and carbon storage at the global 
scale, however there are significant geographic differences in the di-
rection of the effect. Though alternate model implementations may 
explain those differences, they also indicate scope for examining the 
contrasting impacts on wooded ecosystems at regional to continen-
tal scales.

Despite the importance of wooded ecosystems to land carbon 
storage, very little research has directly examined the effects of 
thermal acclimation of photosynthesis on simulated productivity 
(i.e., GPP and NPP) and subsequent carbon storage at sub-global 
scales. To our knowledge, only two simulation studies have exam-
ined effects of thermal acclimation of photosynthesis on woody 
productivity at regional scales. Chen and Zhuang  (2013) simu-
lated forest carbon dynamics using Terrestrial Ecosystem Model 
(TEM) across Northern America to 2100 under four scenarios that 
ranged from high (A1F1) to low (B2) emissions. They demonstrated 
that thermal acclimation of photosynthesis increased GPP, NPP, 
net ecosystem productivity (NEP), and carbon storage relative to 
simulations that excluded thermal acclimation of photosynthesis 
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with the greatest effect under the high emissions scenario where 
GPP was predicted to increase by 0.53 Pg C year−1 and vegeta-
tion carbon by 7.25 Pg C. Furthermore, increases varied by loca-
tion across North America with a greater effect in the south than 
the north and west that was likely caused by climatic differences. 
In the second study, Stinziano et  al.  (2019) examined effects of 
photosynthetic thermal acclimation on net carbon gain of a sin-
gle Canadian boreal tree species to 2100 using the MAESTRA 
stand-level model. In their simulations, carbon gain increased by 
as much as 175% or decreased by 1%–2% with the effect entirely 
dependent upon the choice of parameters that were acclimated. 
Neither study examined the effects of photosynthetic thermal 
acclimation on modelled productivity and carbon storage at the 
ecosystem-scale, leaving a substantial knowledge gap in our un-
derstanding of these effects at the scales between species and 
region.

Novel functions for incorporating thermal acclimation of pho-
tosynthesis within land surface models (LSMs) became available in 
2019 (Kumarathunge et al., 2019). These functions extend on ear-
lier work of Kattge and Knorr (2007) by expanding the temperature 
domain from 18–35°C (Kattge & Knorr, 2007) to 3–37°C; incorpo-
rating a broader array of PFTs (six as opposed to three); and sepa-
rately incorporating acclimation to growth temperature (i.e., mean 
air temperature of preceding 30 days) and adaptation to temperature 
of origin (i.e., 30-year mean maximum temperature of the warmest 
month). These improvements broaden the functions' application in 
LSMs and more accurately represent the temperature responses of 
Vcmax and Jmax compared with Kattge and Knorr (2007) according to 
Smith and Keenan (2020). Despite these improvements, we are un-
aware of any studies that have incorporated these novel functions in 
LSMs (except for Knauer et al., 2023 who used the implementation 
we report herein to conduct global-scale simulations), and until now 
they have not been used to model future carbon uptake and storage 
at regional scales.

Australian wooded ecosystems are ideal for examining the ef-
fects of photosynthetic thermal acclimation on carbon uptake and 
storage under climate change at the ecosystem scale. Wooded eco-
systems within the continent occur across a broad thermal range 
(mean annual temperature [MAT] 4.4–29.1°C) encompassing tropi-
cal, subtropical and temperate climate zones (Bennett et al., 2020). 
Additionally, the OzFlux network of eddy covariance flux towers has 
been continuously measuring ecosystem fluxes in wooded ecosys-
tems in five ecoregions (Beringer et al., 2016, 2022) providing a rich 
source of CO2 exchange data. Furthermore, recent evidence sug-
gests that GPP across 17 of these ecosystems has adjusted to the 
local temperature regime indicating that GPP is thermally adjusted 
to the environment (Bennett et  al., 2021). Together, these factors 
enable site-level optimization of parameters within a land-surface 
model so that GPP, NPP, and vegetation carbon storage may be 
simulated under future climatic regimes across a suite of wooded 
ecosystems from diverse thermal regimes. While boreal climates and 
deciduous forests are not represented, Australia's wooded ecosys-
tems can be used to illuminate the effects of thermal acclimation 

of photosynthesis on the GPP, NPP, and live tree carbon storage in 
evergreen ecosystems across all seasons.

Our study examined the extent to which thermal acclimation 
of photosynthesis affects simulated GPP, NPP, and live tree car-
bon storage in 17 Australian wooded ecosystems from five ecore-
gions under climate change. We were interested in understanding 
differences in the direct effects of climate change (i.e., increasing 
temperature, elevated CO2, and changing precipitation) among 
ecoregions and whether there were regional differences in the ef-
fect of thermal acclimation of photosynthesis. Our research ques-
tions were (1) How will future GPP, NPP, and live tree carbon storage 
in Australia's wooded ecosystems change with an extreme scenario 
of climate change? (2) What is the impact of thermal acclimation of 
photosynthesis on projected changes in GPP, NPP, and live tree car-
bon storage?

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

We selected 17 wooded ecosystems from the Australian TERN 
OzFlux network of micro-meteorological flux stations (Figure  1; 
Beringer et al., 2016). Study sites spanned the Australian continent, 
covering a broad range in latitude (−12.5° to −43.10°), longitude 
(115.71° to 150.72°), MAT (9.7°C ± 0.65 to 27.1°C ± 0.99, SD), and 
mean annual precipitation (MAP; 265 mm ± 108 to 4239 mm ± 1461, 
SD; Bennett et al., 2021). The sites represent five ecoregions (tropi-
cal forests, tropical savannas, Mediterranean woodlands, temperate 
woodlands, and temperate forests; Department of Agriculture Water 
and the Environment, 2018) and four major climate zones (Tropical, 
Subtropical, Grassland, and Temperate) of the modified Köppen 
climate classes for Australia; (Bureau of Meteorology, 2020). Sites 
were selected on the basis that (a) the vegetation was dominated by 
woody tree species; (b) more than 1 year of continuously recorded 
eddy covariance flux data were available for site-level parameter op-
timization; and (c) the vegetation was in a minimally disturbed natu-
ral state during the eddy covariance measurement period (i.e., no 
history of severe fires, intensive management, or agriculture within 
10 years).

2.2  |  CABLE-POP model description

We used the Community Atmosphere Biosphere Land Exchange 
model (CABLE-POP) developed by Australia's Commonwealth 
Scientific and Industrial Research Organisation (CSIRO; Haverd 
et  al.,  2018). CABLE-POP is a two-leaf (sunlit and shaded) LSM 
that contributes to the Global Carbon Budget (Friedlingstein 
et  al., 2022). It simulates ecosystem processes through four cou-
pled modules: a biophysics core (CABLE, Wang & Leuning, 1998); 
a biogeochemistry module (CASA-CNP, Wang et  al.,  2010), the 
Population Orders Physiology module (POP) for woody demography  
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(Haverd et al., 2014; Haverd, Smith, et al., 2013), and the POPLUC 
land use and land cover change module (Haverd et  al., 2018), al-
though POPLUC was disabled for this study. CABLE uses the 
Farquhar et  al.  (1980) model of photosynthesis to simulate half-
hourly GPP and then transfers daily sums of GPP to CASA-CNP, 
which calculates autotrophic respiration and allocates the remaining 
NPP to leaves, stems and fine roots. CASA-CNP also transfers car-
bon, nitrogen, and phosphorous between pools and thus simulates 
the effects of nutrient limitation on photosynthesis. CABLE simu-
lates fluxes within two tiles, one grass and one forest, and then cal-
culates the total ecosystem fluxes as the area-weighted tile average. 
The model also includes functions for the temperature acclimation 
of leaf, stem and root respiration as described by Atkin et al. (2015). 
The source code is available at https://​trac.​nci.​org.​au/​trac/​cable/​​
branc​hes/​Users/​​ab7412/​GPP_​temp (Revisions 9625 and 9627).

We carefully configured CABLE-POP to optimize photosynthetic 
performance across our range of wooded sites. Leaf area index 
was calculated based on the pipe model of Shinozaki et  al.  (1964) 
as described by Haverd et  al.  (2018), which determines C alloca-
tion to leaves and stem based on a constant leaf to sapwood area 
on the basis that this improved model performance in Northern 
Hemisphere FACE studies (De Kauwe et al., 2014). The ratio of Jmax 
to Vcmax (J:V), critical to climate sensitivity of photosynthesis, was 
dynamically adjusted to be co-limiting instead of assuming a fixed 
ratio (J:V) at a given temperature using functions derived from 

co-ordination theory (Chen et  al., 1993). “Co-ordination of photo-
synthesis” updates J:V on a daily basis by redistributing total canopy 
nitrogen between Rubisco limited and electron-transport limited 
photosynthesis based on the leaf environment of the last 5 days 
(Haverd et al., 2018). Stomatal conductance was calculated following 
Medlyn et al. (2011).

2.3  |  Thermal acclimation of photosynthesis in 
CABLE-POP

We integrated functions for the acclimation and adaptation of photo-
synthetic parameters developed by Kumarathunge et al. (2019) into 
the CABLE-POP code (Knauer et al., 2023). These functions adjust 
parameters of the peaked Arrhenius equation (Equation 1, Johnson 
et al., 1942) that describes the temperature dependence of Jmax and 
Vcmax within the Farquhar et al. (1980) model of photosynthesis.

where kTk is the process rate (μmol m−2 s−1) of either Jmax or Vcmax at leaf 
temperature Tk, k25 is the process rate at 25°C (calculated as a function 
of leaf N and leaf P following Walker et al., 2014), Ea is the activation 

(1)

kTk = k25exp

[

Ea × 103
(

Tk − 298.15
)

298.15RTk

]

⋅

1 + exp
(

298.15Δ S −Hd

298.15R

)

1 + exp
(

1 + exp
Tk Δ S −Hd

(TkR)

) ,

F I G U R E  1 Location of the 17 study 
sites showing their abbreviated global 
ecoregion name from the Interim 
Biogeographic Regionalisation for 
Australia v7 (Department of Agriculture 
Water and the Environment, 2018). The 
full ecoregion names are provided in 
Table S1. The site labels are the three-
letter prefix of site ecoregion and three-
letter suffix of the OzFlux site name. 
Map lines delineate study areas and do 
not necessarily depict accepted national 
boundaries.
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energy (kJ mol−1), Tk is the leaf temperature (K), R is the universal gas 
constant (8.314 J mol−1 K−1), ΔS is the entropy term (J mol−1 K−1), and Hd is 
the deactivation energy set to 200,000 J mol−1 as described by Medlyn 
et al. (2002; Table S2). Specifically, the functions (Equations 2–4 below) 
adjust the activation energy of Vcmax (EaV, kJ mol

−1) and the entropy 
terms for Vcmax (ΔSV, J mol

−1 K−1), and Jmax (ΔSJ, J mol
−1 K−1) as a function 

of the mean daily temperature of the preceding 31 days (Tgrowth) and 
the mean maximum temperature of the warmest month for the pre-
vious 20 years (Thome, Figure S1). Note that our implementation differs 
slightly from Kumarathunge et al. (2019), where Tgrowth is calculated on 
the previous 30 days, and Thome from the previous 30 years.

 

 

The Kumarathunge et  al.  (2019) functions also acclimate J:V 
(JVr); however the model's “co-ordination of photosynthesis” func-
tions (Haverd et al., 2018) overwrite this effect by updating J:V on a 
daily basis. We selected these functions in preference to the more 
established Kattge and Knorr  (2007) functions due to the wider 
thermal domain and broader array of represented species (141 vs. 
36). This ensured relevance to Australian plant species, and that our 
simulations were within the functions' thermal domain under most 
conditions.

2.4  |  Site parameter optimization

CABLE parameters were optimized using BeoPEST ver 14.02, the 
parallel implementation of “PEST” model-independent parameter 
estimation software (Doherty, 2017). PEST was run in parameter 
estimation mode, which uses the Gauss-Marquardt–Levenberg 
method to minimize the least-squares objective function of the 
difference between an observation and the model output for that 
observation. Parameters were optimized at the site level on the 
basis that photosynthetic parameters are more varied at the site 
than at the broader PFT-scale (Groenendijk et al., 2011) and that 
different parameter values within a PFT can significantly influence 
modelled relative photosynthetic responses to climate change 
(Stinziano et al., 2019). We optimized parameters of the forest tile 
only, for the evergreen broadleaved forest PFT for all sites. Eddy-
covariance data from each of the 17 wooded sites were used to op-
timize four CABLE-POP parameters selected based on their effect 
on canopy-scale photosynthesis (Table 1; Figure 2). Half-hourly (or 
hourly, TMF-Tum) eddy covariance GPP and ET flux observations 
from each of the 17 study sites were downloaded from https://​
dap.​ozflux.​org.​au/​thred​ds/​catal​og.​html and pre-processed as de-
scribed in Bennett et al. (2021). From these data we calculated me-
dian monthly diurnal cycles of GPP and ET for (a) all observations 
(2 groups), (b) observations with Ta_max in the 10th percentile (i.e., 
low extreme, 2 groups), (c) observations with Ta_max in the 90th 

percentile (i.e., high extreme, 2 groups), and (d) the boundary line 
relationship (at the 90th percentile) between GPP and Ta (1 group, 
Bennett et al., 2021). These seven observation groups were then 
used by PEST to optimize the four selected CABLE parameters for 
each site. We optimized “g1,” the sensitivity of stomatal conduct-
ance to assimilation rate (Medlyn et al., 2011); “gamma,” the sensi-
tivity of roots and stomatal conductance to soil moisture (Haverd, 
Raupach, et al., 2013); “extkn,” which affects the vertical distribu-
tion of leaf nitrogen through the canopy (Wang & Leuning, 1998); 
and “vcmax_sc,” which scales the relationship between Vcmax and 
leaf Nitrogen (N) described by Walker et  al.  (2014). Optimization 
was constrained within upper and lower parameter values such 
that “g1” remained within the physiological limits presented by 
Lin et al. (2015), “gamma” varied within limits modeled by Lai and 
Katul  (2000), “extkn” was allowed to vary between top-concen-
trated (1) and fully vertically distributed (0.01) canopy Nitrogen, 
and “vcmax_sc” remained within limits based on prior experimen-
tation (V. Haverd, unpublished data). We also manually optimized 
parameters of a function that controls stress mortality for the trop-
ical savannas and three of the Mediterranean woodland sites as 
described in Supporting Information Methods 1. We did not opti-
mize any of the eight parameters of the Kumarathunge et al. (2019) 
acclimation functions or the four photosynthetic parameters of 
the peaked Arrhenius function because the effect of optimization 
parameters were found to be inseparable from the effect of other 
parameters. PEST converged on a parameter estimate for the four 
optimized parameters at all study sites (Table S3).

2.5  |  Model simulations

CABLE-POP was run in offline-mode and forced with the 
HadGEM2-ES climate forcing from the Coupled Model 
Intercomparison Project 5 (CMIP5; Taylor et al., 2012). HadGEM2-ES 
is a configuration of the Hadley Global Environmental Model (ver-
sion 2) that incorporates Earth system components (terrestrial and 
oceanic ecosystems, and tropospheric chemistry) with the physical 
atmospheric and oceanic components so that biogenic feedbacks, in 
particular the carbon cycle, are also modelled (Collins et al., 2011). 
We selected HadGEM2-ES because it scored highly at simulating 
Australia-wide climate in an evaluation that compared performance 
of CMIP5 model outputs by measuring agreement between observed 
and simulated climate (CSIRO and Bureau of Meteorology, 2015). 
Bias-corrected climate data (for bias-correction methods see Frieler 
et al., 2017; Lange, 2018) were downloaded from the Inter-Sectoral 
Impact Model Intercomparison Project (ISIMIP, simulation round 
Isimip2b, https://​esg.​pik-​potsd​am.​de/​search/​isimip) for the histori-
cal period (1861–2005) and for representative concentration path-
way RCP8.5 (2006–2099, “projected” period). RCP8.5 represents 
the most extreme climate scenario with annual global CO2 emis-
sions increasing to an atmospheric concentration of ~950 ppm CO2 
by 2100 (van Vuuren et al., 2011). A single climate projection was 
used due to lack of availability of other highly performing climate 

(2)Eav = 42.6 + 1.14Tgrowth,

(3)ΔSv = 645.13 − 0.38Tgrowth,

(4)ΔSj = 658.77 − 0.84Thome − 0.52
(

Tgrowth − Thome

)

.
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    |  7 of 20BENNETT et al.

projection data. Climate data were aggregated from 0.5° to 1° and 
units were converted as required by the CABLE-POP input module.

We simulated average monthly carbon fluxes (GPP, NPP) and live 
tree carbon (aboveground and belowground) in the historical and 
projected periods for each of the 17 sites in separate CABLE-POP 
model runs—one with photosynthetic thermal acclimation and one 
without photosynthetic thermal acclimation. The site-specific opti-
mized parameters were used for the simulation without photosyn-
thetic thermal acclimation whereas parameters for Ea and ΔS of Jmax 
and Vcmax derived from the Kumarathunge et al. (2019) functions at 
Tgrowth of 15°C were used for all sites for the simulation with photo-
synthetic thermal acclimation. We repeated simulations with “static 
CO2” where CO2 concentration was held constant at 378.8 ppm (the 
historical period CO2 maximum in 2005) to explore the influence of 
increasing CO2 concentration on the effect of thermal acclimation of 
photosynthesis. Site-specific input data included values for latitude, 

longitude, canopy height, as well as forest and C3 and C4 grass frac-
tions (Table 2). Grass and tree fractions (fixed throughout the simula-
tions) were estimated following Donohue et al. (2009), who derived 
time series of recurrent and persistent vegetation cover (fPAR) from 
remote sensing data. Tree fraction was estimated as the mean maxi-
mum cover fraction across years (1982–2013) and grass fraction was 
set to 1- tree fraction. All other parameter values, except the stress 
mortality function parameters, were set to the same value per PFT 
for all sites. CABLE parameter, setting, and simulation output files 
are located at https://​doi.​org/​10.​5061/​dryad.​7sqv9​s4wh.

2.6  |  Statistical analysis

All statistical analyses were conducted in R v 3.6.2 (R Core 
Team,  2017). Calculation of the thermal acclimation effect 

F I G U R E  2 Steps used in the parameter 
optimization and CABLE-POP simulations 
for each of the 17 wooded ecosystems. 
The projected period used the RCP8.5 
emission scenario and simulations were 
repeated holding atmospheric CO2 
constant (“static CO2”).
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(Equation 5) followed the method of Sun et al. (2014). Where TAE is 
the thermal acclimation effect, calculated as the difference between 
the annual mean of C (t) in the projected period and in the histori-
cal reference period (ref, 1975–2005) between the simulation with 
acclimation (Acclim_on) and without acclimation (Acclim_off), and C 
representing daily GPP (g C m−2 day−1), daily NPP (g C m−2 day−1), or 
annual live tree carbon (C Mg ha−1),

3  |  RESULTS

3.1  |  Predicted change in MAT and MAP at the 
study sites

The HadGem2-ES climate model for RCP8.5 predicted site-
level increases in MAT between the end of the historical (1976–
2005) and end of the projected (2070–2099) period that ranged 
from +3.2°C (±0.07 SE, TRF-Ctr) to +4.9°C (±0.47, SAV-DaS, 
Figure S2a). In contrast, predicted MAP at the site level changed 
from an increase of +34 mm (±40, SAV-DaS) to a decrease of 
−334 mm (±66, SAV-How, Figures  S2b and S3). Among ecore-
gions, mean changes in MAT in sites located in the two tropical 
ecoregions were predicted to increase by the greatest (tropical 

savannas, mean: +4.6°C ± 0.36 95% CI) and least amounts (tropi-
cal forests, mean: +3.3°C ± 0.2, Figure 3a). Predicted mean MAP 
changes were negative in all ecoregions although 95% confidence 
intervals overlapped zero in the two tropical ecoregions indicating 
no significant change (Figure 3b).

3.2  |  Site-level simulated GPP

CABLE-POP simulated an increase in mean projected GPP (2006–
2099) at all sites with the exception of two Mediterranean wood-
lands (MTW-GWW and MTW-Cpr) where GPP for the complete 
timeseries (1850–2099) remained relatively flat (Figure 4). There was 
a clear increase in GPP in simulations with acclimation compared to 
those without acclimation at tropical savannas and tropical forest 
sites, although the effect was most pronounced at the two tropical 
forests (TRF-Rob and TRF-Ctr) and two of the five tropical savan-
nas (SAV-How and SAV-Lit). In contrast, acclimation had no clear ef-
fects on the time series of simulated GPP at temperate woodlands, 
Mediterranean woodlands and temperate forest sites. GPP simu-
lated by CABLE-POP closely reflected eddy-covariance observa-
tions for the majority of sites, as indicated by an overlap with mean 
monthly GPP observations (except TRF-Rob and TMW-Cum) and by 
the close agreement between the monthly means of simulated and 

(5)TAEt =
(

Ct−Cref

)

Acclim_on
−
(

Ct−Cref

)

Acclim_off
.

TA B L E  2 Site-specific values for latitude, longitude, canopy height, and fractions of forest, grass and C4 grass used for site-level CABLE-
POP simulations of historical and projected carbon fluxes. Site labels are a three letter abbreviation of the ecoregion name and the last three 
letters of the OzFlux site code. Ecoregion names are: MTW, Mediterranean Woodlands; SAV, Tropical savanna; TMF, Temperate Forest; 
TMW, Temperate Woodlands; TRF, Tropical forest. Latitude, longitude and canopy data were sourced from the OzFlux eddy covariance 
data files (https://​dap.​ozflux.​org.​au/​thred​ds/​catal​og.​html) except SAV-Dry and TMF-Wal where canopy height was sourced from Hutley 
et al. (2011) and https://​www.​ozflux.​org.​au, forest and grass fractions were sourced from Donohue et al. (2009), and C4 grass fractions were 
modelled from temperature data.

Site label Site Latitude (°N) Longitude (°E)
Canopy height 
(m)

Forest 
fraction

Grass 
fraction

C4 grass 
fraction

SAV-How Howard Springs −12.495 131.150 16 0.502 0.498 1.0

SAV-Lit Litchfield −13.179 130.795 16 0.417 0.583 0.986

SAV-Ade Adelaide River −13.0769 131.118 16 0.378 0.622 1.0

SAV-DaS Daly Savanna −14.159 131.388 16 0.423 0.577 1.0

SAV-Dry Dry River −15.259 132.370 12 0.359 0.641 1.0

TRF-Rob Robson Creek −17.117 145.630 28 0.894 0.106 0.757

TRF-Ctr Cape Tribulation −16.103 145.447 25 0.900 0.100 0.753

MTW-Boy Boyagin −32.477 116.939 13 0.275 0.725 0.467

MTW-Gin Gingin −31.375 115.650 7 0.579 0.421 0.481

MTW-GWW Great Western 
Woodlands

−30.191 120.654 18 0.293 0.707 0.729

MTW-Cpr Calperum −34.003 140.588 3 0.268 0.732 0.621

TMW-Cum Cumberland Plain −33.615 150.724 24 0.724 0.276 0.64

TMW-Whr Whroo −36.673 145.029 28 0.533 0.467 0.459

TMF-War Warra −43.095 146.655 55 0.85 0.15 0.035

TMF-Wal Wallaby Creek −37.426 145.188 75 0.763 0.237 0.19

TMF-Tum Tumbarumba −35.657 145.188 40 0.898 0.102 0.036

TMF-Wom Wombat State Forest −37.422 144.094 22 0.826 0.174 0.125
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observed GPP for the observation period (i.e., R2 ≥ 0.5) at 14 of the 
17 sites (except MTW-Gin, MTW-Cpr, and TMW-Whr, Figure S4).

3.3  |  Cumulative future GPP and 
NPP of ecoregions

Consistent with relative divergences in simulated GPP with and 
without acclimation, cumulative differences in simulated GPP from 
2006 to 2099 were greatest for the tropical savannas and tropical 
forests (Figure 5). In absolute terms, the cumulative sum of GPP in 
2099 in the simulation with acclimation was higher than the simula-
tion without acclimation by 368.9 Mg C ha−1 at TRF-Ctr and 316.1 Mg 
C ha−1 at TRF-Rob (Table  S4). This difference between simulations 
was similar to the two wetter tropical savannas and substantially 
greater than the remaining three tropical savannas. In relative terms, 
the simulation with acclimation resulted in a greater increase in cu-
mulative GPP at the tropical savannas (21.8% at SAV-Dry to 27.7% 
at SAV-Lit) compared to the tropical forests (8.0% at TRF-Rob and 
10.7% at TRF-Ctr).

The cumulative sum of GPP revealed a small positive effect 
of thermal acclimation of photosynthesis that was not clearly vis-
ible in the time series at the temperate forests (51.0 to 101.8 Mg 

C ha−1), temperate woodlands (27.6 to 94.3 Mg C ha−1) and three of 
the Mediterranean woodlands (3.2–19.2 Mg C ha−1). In relative terms, 
the effect was also minor ranging from an increase in cumulative 
GPP of 3.2% at TMW-Cum to a decrease of −0.6% at MTW-Cpr. 
The effect of thermal acclimation of photosynthesis on the cumula-
tive sum of NPP from 2006 to 2099 followed a similar pattern. The 
greatest absolute effect was simulated in the two wetter tropical 
savannas (146.7 at SAV-How and 131.3 Mg C ha−1 at SAV-Lit) and the 
two tropical forests (129.5–131.3 Mg C ha−1), followed by the three 
drier tropical savannas (39.2–45.8 Mg ha−1), temperate forests (23.7–
48.8 Mg C ha−1), temperate woodlands (12.7–45 Mg C ha−1), and 
three of the Mediterranean woodlands (1.6–9.7 C Mg ha−1). Similarly, 
the greatest relative effect was simulated at the tropical savannas 
(20.0% to 28.6%) followed by the tropical forests (8.2% to 10.0%) 
with little difference in the minor effect in the remaining ecoregions 
(−3.5% to 4.1%).

3.4  |  Relative change in future ecoregion 
GPP and NPP

Consistent with absolute changes, thermal acclimation of photo-
synthesis led to similar patterns among ecoregions in the relative 
changes in mean annual GPP and NPP between the ends of the his-
torical (1976–2005) and projected periods (2070–2099, Figure  6). 
There were significant differences between simulated GPP and NPP 
with and without acclimation for tropical savannas and tropical for-
ests as indicated by non-overlapping 95% confidence intervals. The 
magnitude of this difference was greatest in tropical savannas where 
simulated GPP increased by 38.4% (±2.3, 95% CI) without acclima-
tion and by 65.6% (±12.7) with acclimation (Table  S5), compared 
with 55.3% (±3.0), without and 66.3% (±7.1) with acclimation for 
tropical forests. In contrast, % change in simulated GPP and NPP 
with and without acclimation were of similar magnitude in temper-
ate forests, temperate woodlands, and Mediterranean woodlands 
indicating a minor effect of thermal acclimation of photosynthesis in 
these ecoregions. Similar trends were observed for the “static CO2” 
simulation, where GPP and NPP both decreased by the end of the 
century for all sites except for the southern-most temperate for-
est (TMF-Wrr, Table S6; Figure S5). In the absence of elevated CO2, 
thermal acclimation had the greatest effect in the tropical savannas 
where GPP decreased by −37.5% (±1.7) without and −22.4% (±3.1) 
with thermal acclimation.

3.5  |  Change in seasonality of ecoregion GPP

The effect of thermal acclimation of photosynthesis on the tropical 
ecosystems was also clear when we examined the seasonal pattern 
of GPP between the end of the historical period (1976–2005) and 
the end of the projected period (2070–2099) for simulations with 
and without acclimation (Figure  7). In tropical forests, acclimation 
increased the seasonality of GPP by elevating GPP in the spring and 

F I G U R E  3 Mean change in (a) mean annual temperature 
(MAT) and (b) mean annual precipitation (MAP) predicted by the 
HadGem2-ES climate model for the RCP8.5 scenario between 
the end of the historical period (1976–2005) and the end of the 
projected period (2070–2099) for the five ecoregions represented 
in this study. Error bars represent 95% confidence intervals on the 
mean difference and black circles represent the mean difference 
for each of the 17 sites.
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summer months compared to simulations without acclimation. In 
contrast, there were marginal increases of GPP in topical savannas 
that were mostly constrained to the wet season. In Mediterranean 
woodlands, a small increase in GPP was simulated for the cooler 
months in the projected period, although this did not appear to be 
affected by thermal acclimation and was true for only two of the 
four ecosystems (MTW-Boy and MTW-Gin, Figure S6). The strong 
seasonality of GPP in the temperate woodlands and temperate for-
ests, where simulated GPP increased markedly in the spring and 
summer months was not clearly influenced by thermal acclimation 
of photosynthesis. In these ecoregions, GPP increased year-round 
in the projected period compared to the historical period for simula-
tions with and without acclimation.

3.6  |  Acclimation effect on ecoregion GPP, 
NPP, and biomass

The strong effect of thermal acclimation of photosynthesis on the 
two tropical ecoregions was further confirmed when we compared 
the 2006–2099 annual differences in simulated GPP, NPP, and live 
tree carbon storage between simulations with and without acclima-
tion to the historical baseline (1976–2005, Figure  8; Equation  5). 

In tropical forests acclimation increased GPP on average (mean 
TAE 2075–2099) by 1.12 (±0.28, 95% CI) μmol C m2 s−1 (1.22 g 
C m−2 day−1 ± 0.28) and live tree carbon by 48.8 (±0.20) Mg C ha−1 
(Figure 8a; Table  S7). The greatest thermal acclimation effect was 
predicted for the end of the century in tropical forests, whereas a 
gradual decline after a peak in 2085 of GPP at 0.85 (±0.38) μmol 
C m2 s−1 (0.89 g C m−2 ay−1 ± 0.40) and live tree carbon of 25.22 
(±20.32) Mg C ha−1 was predicted for tropical savannas, likely due 
to fluctuating mortality events in one savanna ecosystem (SAV-Dry). 
This analysis also confirmed a small effect of thermal acclimation of 
photosynthesis on GPP, NPP, and live tree carbon in the temperate 
woodlands and a negligible effect in Mediterranean woodlands and 
temperate forests.

The thermal acclimation of photosynthesis effect was lower in 
the “static CO2” simulations compared to the simulations where CO2 
concentrations increased under RCP8.5 (Figure 8b). On average, car-
bon uptake was 75% (GPP, 0.54 g C m−2 day−1 ± 0.34) and 78% (NPP, 
0.15 g C m−2 day−1 ± 0.07) lower in the tropical savannas and 71% (GPP, 
0.87 g C m−2 day−1 ± 0.29) and 74% (NPP, 0.33 g C m−2 day−1 ± 0.04) 
lower in the tropical forests over the last 30 years of the projected 
period when the CO2 concentration was held constant. In the re-
maining ecoregions GPP was between 150% (Mediterranean wood-
lands, 0.04 g C m−2 day−1 ± 0.03) and 420% (Temperate forests, 0.14 g 

F I G U R E  4 Time series of gross primary productivity (GPP; g C m−2 day−1) simulated by CABLE-POP with (“Acclim_on”, green) and without 
(“Acclim_off”, black) thermal acclimation of photosynthesis compared with eddy covariance flux observations (Obs, orange) for each of the 
17 study sites. Lines represent the annual mean of daily GPP and the shaded area represents the monthly mean of daily GPP for each year. 
The vertical line indicates the transition between historical and projected climate data.
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C m−2 day−1 ± 0.14) lower on average, although the absolute values 
were very small. Likewise, in all ecosystem types live tree carbon 
was lower at the end of the century in the “static CO2” simulations 
with the decline most pronounced for the tropical forests (44.4 Mg 
C ha−1 ± 1.9), temperate woodlands (36.6 Mg C ha−1 ± 54.9) and 
tropical savannas (24.9 Mg C ha−1 ± 23.5). Overall, the “static CO2” 
simulations indicated that the effect of thermal acclimation of pho-
tosynthesis on carbon uptake and storage was strongly enhanced by 
increasing atmospheric CO2 concentration and that the influence of 
CO2 was greatest after mid-century in the tropical savannas, tropical 
forests and temperate woodlands.

4  |  DISCUSSION

Simulation studies that examine the effects of climate change on car-
bon uptake and storage in wooded ecosystems from a range of ecore-
gions are critical for predicting future changes to the carbon cycle. 
Understanding ecosystem-specific and mean ecoregion responses 
can facilitate planning and potentially inform policy decisions. Of key 
importance is understanding how climate-induced changes in eco-
system productivity can either dampen or amplify climate change. 
In this work, we explored the effect of a climate-induced biological 

response mechanism, thermal acclimation of photosynthesis, on the 
future GPP, NPP and live tree carbon storage in 17 Australian ecosys-
tems from five ecoregions. By incorporating newly available thermal 
acclimation of photosynthesis functions (Kumarathunge et al., 2019) 
within the CABLE-POP LSM and modelling carbon uptake and stor-
age to the end of the century under RCP8.5 we show that thermal 
acclimation of photosynthesis has a strong positive effect on GPP, 
NPP and live tree carbon in tropical ecoregions that is largely driven 
by increasing CO2 concentrations and a negligible effect elsewhere. 
Furthermore, we also predict increasing GPP and NPP under climate 
change in all except one ecosystem. Together, these findings indi-
cate a potential for enhanced carbon uptake under climate change 
that may be stronger in tropical ecoregions.

4.1  |  Positive effect of climate change on 
GPP and NPP

Simulated GPP and NPP were enhanced under climate change 
(RCP8.5) by the end of the century for the majority of our study 
sites. Except for one Mediterranean woodland (MTW-GWW), an-
nual carbon uptake via GPP and NPP were predicted to increase 
in the future, regardless of thermal acclimation of photosynthesis. 

F I G U R E  5 Difference in the cumulative sum of future gross primary productivity (GPP) and net primary productivity (NPP; Mg C ha−1) 
between 2006–2099 in the simulation with and without thermal acclimation of photosynthesis for the wooded component of the 17 studied 
ecosystems. Positive values indicate a higher value with acclimation. Each panel represents one of the five ecoregions: (a) tropical savannas, 
(b) tropical forests, (c) Mediterranean woodlands, (d) temperate woodlands, and (e) temperate forests.
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Our previous work (Bennett et al., 2021) had indicated that these 
ecosystems may often be operating above their thermal optima of 
GPP under climate change potentially leading to a decline in carbon 
uptake rates, however simulations in this study suggest that the pro-
jected decreases in MAP (mean: −122 mm ± 27 SE) and increases in 
MAT (mean: +4.2°C ± 0.1, Figure 3) together with elevated atmos-
pheric CO2 concentration do not lead to declining carbon uptake. If 
our results are a true indication of future forest productivity, they 
suggest that (in the absence of widespread disturbances like wild-
fires, see below) Australian forests will continue to be a carbon sink 
under even the most extreme emissions scenario.

The positive effect of climate change on our predictions can be 
largely explained by increasing atmospheric CO2 concentrations 
as confirmed by comparisons with the “static CO2” simulations. 
Within our RCP8.5 simulations, CO2 concentration increases from c. 
380 ppm at the start of the projected period to c. 925 ppm in 2099, 
which is likely to stimulate GPP and therefore NPP via two com-
plementary mechanisms. Firstly, there is a direct effect of CO2 on 

net carbon assimilation rates within the Farquhar et al. (1980) model 
of photosynthesis. At higher concentrations of atmospheric CO2, 
net photosynthesis and consequently GPP is elevated when other 
environmental conditions remain unchanged. Secondly, Water Use 
Efficiency (WUE), a measure of the amount of carbon assimilated 
per unit of water lost to transpiration, increases with CO2 concentra-
tion (Drake et al., 1997). Our configuration of CABLE-POP used the 
stomatal conductance model of Medlyn et al.  (2011) within which 
stomatal conductance (gs) depends directly upon atmospheric CO2 
concentration at the leaf surface (Ca, Table 1). As Ca increases there 
is a corresponding decrease in gs that causes reduced transpiration 
losses per unit of carbon assimilated. This increase in WUE reduces 
the quantity of water needed for carbon assimilation as CO2 concen-
trations increase, thus negating effects of decreasing water avail-
ability (i.e., reduced MAP) on simulated GPP.

The positive effect of climate change on our simulated GPP is 
supported by several future simulation studies at global and regional 
scales. For example, global carbon uptake was predicted to increase 
by between 11 and 320 Pg C by the end of the century under the 
most extreme emissions scenario in simulations with eight alternate 
LSM's (Arora & Boer, 2014; Friend, 2010; Sitch et  al., 2008) with 
two (Friend, 2010; Sitch et al., 2008) attributing the changes to CO2 
fertilization (i.e., photosynthesis enhanced by elevated CO2). At the 
regional scale, two Australia-wide studies that predicted effects of 
climate change on future carbon uptake and storage under the most 
extreme emission scenario both simulated NPP increases to the 
end of the century that were not present when CO2 was held con-
stant. Kelley and Harrison (2014) simulated a 56% increase in NPP 
compared to simulations with constant CO2 of 380 ppm whereas 
Teckentrup (2023) show an approximate doubling of NPP using sim-
ulations from the CMIP6 compared to simulations with constant CO2 
of 280 ppm.

While some studies support our findings of increased pro-
ductivity in woody ecosystems, uncertainties remain. Not all sim-
ulation studies report positive results and experimental studies 
can show lesser productivity gains than models predict. Chen and 
Zhuang  (2013) simulated the effects of climate change on GPP 
and NPP across USA forests using the process-based TEM. They 
predicted that under the most extreme emissions scenario (A1F1) 
both GPP and NPP increased to mid-century and then gradually de-
clined to the historical levels or below by the end of the century. 
Furthermore, the Free Air Carbon Dioxide Enrichment (FACE) ex-
periment at TMW-Cum (EucFACE, a mature Eucalypt woodland) did 
not replicate the predicted increases in GPP simulated by the SPA 
model. Simulations predicted that elevated CO2 (561 ppm) would 
increase GPP by between 16% and 22% (Macinnis-Ng et al., 2011) 
however realized GPP gains were lower (~12%, 247 g C m−2 year−1, 
Jiang et al., 2020) and these did not translate into increases in abo-
veground NPP (ANPP, Ellsworth et  al., 2017) under elevated CO2 
(ambient CO2 + 150 ppm). This lack of increase was likely caused 
by nutrient limitation, which may constrain CO2 fertilization in ma-
ture forests in the future (Norby et al., 2010; Walker et al., 2021). 
Given that there are already signs of a global weakening in the CO2 

F I G U R E  6 Relative change in mean annual simulated gross 
primary productivity (GPP) and net primary productivity (NPP; 
%) between the end of the historical period (1975–2005) and the 
end of the projected period (2070–2099) for simulations with 
and without thermal acclimation of photosynthesis for the five 
ecoregions. Error bars represent 95% confidence intervals of the 
mean difference and points represent the 17 sites.
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fertilization effect (Wang, 2020) and that the effect of nutrient lim-
itation under elevated CO2 within CABLE-POP remains unevaluated, 
it is critical to interpret our results in that context.

4.2  |  Strong effect of thermal acclimation of 
photosynthesis on tropical ecosystems

The effect of thermal acclimation of photosynthesis on simulated 
GPP, NPP and live tree carbon storage was strongest at the tropical 
sites. At the two tropical forests (TRF-Rob and TRF-Ctr) and the two 
wetter tropical savannas (SAV-How and SAV-Lit) the effect was sus-
tained to the end of the century (Figure 8), with cumulative GPP and 
NPP of similar magnitudes (Figure  5). In both ecoregions, thermal 
acclimation of photosynthesis had a stronger positive influence on 
GPP in the warmer months, which corresponds with the wet season 
in tropical savannas (Figure 7). This occurred in both the historical 
and projected periods although climate change appeared to enhance 
the strength of this effect. This finding indicates that thermal ac-
climation of photosynthesis in tropical regions may impose negative 
feedbacks on the climate system. Furthermore, it implies that tropi-
cal sites are less vulnerable to temperature increases than has been 
suggested previously (Mau et al., 2018; Wright et al., 2009).

The positive effect of thermal acclimation of photosynthesis on 
carbon uptake and storage that was restricted to warmer regions and 
seasons agrees with only one of the four global simulation studies 
that we are aware of Mercado et al. (2018) also reported strong ef-
fects of thermal acclimation of photosynthesis on GPP and land car-
bon in the tropical band (Lat: 30° N to 30° S). However, the remaining 
three global simulation studies either partially agree with our result 
or contrast completely. In partial agreement, Smith et  al.  (2017) 
showed that thermal acclimation of photosynthesis imparted the 

strongest effect on future average photosynthetic rates in the trop-
ical regions (Lat: 20° N to 20° S) and in the warmer months, yet they 
also reported positive effects in the temperate zone (Lat: 20° N to 
60° N and 20° S to 60° S). In full disagreement with our result, both 
Smith et al. (2016) and Lombardozzi et al. (2015) simulated negative 
effects of thermal acclimation of photosynthesis on vegetation car-
bon and land carbon gain in tropical regions with positive effects 
restricted to cooler regions.

These contrasting results may be attributed to alternate imple-
mentations of thermal acclimation of photosynthesis (including the 
method for adjusting the ratio between Jmax and Vcmax [J:V] within 
the LSM). Our study is the first to use the Kumarathunge et al. (2019) 
functions to adjust parameters of the peaked Arrhenius equation 
(Equation 1) whereas previous studies used functions developed by 
Kattge and Knorr (2007). There are three key differences in the im-
plementations that are likely to influence the disparity in our results. 
First, there is a large difference in the number of species and PFT's 
from which data used to develop the two functions were drawn. 
The Kattge and Knorr (2007) functions were developed from mea-
surements on 36 species of broadleaved trees and shrubs, conifer-
ous trees, and herbaceous plants of which none were from tropical 
forests. In contrast, the Kumarathunge et al. (2019) functions were 
developed from measurements on 141 species of temperate decid-
uous angiosperms, temperate evergreen angiosperms, temperate 
evergreen gymnosperms, boreal evergreen gymnosperms, tropical 
evergreen angiosperms, and arctic tundra of which 72 (51%) were 
classed as tropical evergreen angiosperms. The incorporation of 
tropical species is likely to have contributed to the improved predic-
tive capacity of the Kumarathunge et al. (2019) functions in the trop-
ical ecoregions when compared to those of Kattge and Knorr (2007).

Secondly, the method by which the ratio between Jmax and Vcmax 
(J:V) was adjusted within the LSM may be influencing agreement 

F I G U R E  7 Mean monthly simulated gross primary productivity (GPP) for the end of the historical period (1976–2005, solid line) and the 
end of the projected period (2070–2099, dashed line) for simulations without (Acclim_off, black) and with (Acclim_on, green) acclimation for 
each of the five ecoregions showing changes in the seasonal pattern of GPP. Line shading represents the 95% confidence interval on the 
mean, and background shading indicates season.
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with other studies. Both Kumarathunge et  al.  (2019) and Kattge 
and Knorr (2007) showed that J:V decreases with growth tempera-
ture, yet the method for decreasing J:V with increasing Tgrowth var-
ies among studies. Lombardozzi et al. (2015) and Smith et al. (2016, 
2017) acclimated J:V by decreasing Jmax at 25°C while Mercado 
et  al.  (2018) acclimated J:V by simultaneously decreasing Jmax and 
increasing Vcmax. In contrast, rather than acclimating J:V to growth 
temperature, our implementation of “co-ordination of photosyn-
thesis” dynamically adjusted both Vcmax and Jmax to maximize pho-
tosynthesis for the previous 5 days per unit of nitrogen (Haverd 
et al., 2020). These three alternate methods for adjusting Vcmax and 
Jmax to control J:V will impact LSM photosynthetic performance at 
a given temperature. Adjusting J:V by decreasing Jmax shifts only 
the Jmax temperature response function whereas adjusting J:V by 
altering both Jmax and Vcmax spreads the adjustment across both 
temperature response functions. This means that when photosyn-
thesis is Jmax limited, such as at higher temperatures (≳20°) under 

elevated CO2 concentration (Sage & Kubien, 2007), the decline in 
photosynthesis would be greater in the implementation where only 
Jmax is adjusted leading to lower GPP, NPP and consequently carbon 
stores in warmer regions. This may explain the lower tropical carbon 
stores predicted by Lombardozzi et al. (2015) and Smith et al. (2016). 
Alternatively, “co-ordination of photosynthesis” influences the CO2 
fertilization effect by affecting the contribution of Vcmax limited pho-
tosynthesis, which is more sensitive to CO2 concentration (Haverd 
et al., 2020). Thus, our implementation may have mildly enhanced 
the thermal acclimation effect under RCP8.5 compared to simula-
tions where J:V is acclimated to growth temperature as supported 
by Knauer et al. (2023).

Finally, the contrasting results may also be attributed to differ-
ences in the thermal range of the acclimation functions and whether 
LSM simulations restricted thermal acclimation of photosynthesis 
to within the thermal range. The range of growth temperatures in 
the source data used to develop the Kumarathunge et  al.  (2019) 

F I G U R E  8 The thermal acclimation of photosynthesis effect (TAE) on gross primary productivity (GPP), net primary productivity (NPP), 
and live tree carbon storage for the projected period (2006–2099) relative to the mean historical baseline value (1976–2005) for the five 
ecoregions for the (a) RCP8.5 and (b) “static CO2” simulations. The ecoregion mean (with loess smoothing applied) is represented by the solid 
line and individual ecosystems by the dashed lines.
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functions was 3 to 37°C compared to the Kattge and Knorr (2007) 
functions that were 11 to 29°C for Vcmax and 11 to 35°C for Jmax. 
Since functions were derived from measurements on plants grown 
within the thermal range, applying the functions to temperatures 
outside that range could compromise their performance (Stinziano 
et al., 2018). Both Smith et al. (2017) and Lombardozzi et al. (2015) 
restricted thermal acclimation of photosynthesis to between 11 to 
35°C whereas Mercado et al. (2018) and Smith et al. (2016) did not 
enforce a restriction. Similarly, we placed no temperature restriction 
on thermal acclimation of photosynthesis, however only two of our 
tropical sites (SAV-Dry and SAV-Das) rarely exceeded the thermal 
range thus it is unlikely to have significantly compromised our re-
sults (Table  S8). Though we find no obvious connection between 
the enforcement of a thermal restriction and agreement with our 
results, it is conceivable that the thermal range contributed in part to 
differences between the simulation studies. Overall, it is likely that 
the combined effects of alternate implementations of thermal accli-
mation of photosynthesis, together with different LSM's and climate 
forcings contribute to the regional variation in thermal acclimation of 
photosynthesis effect between studies.

4.3  |  Study limitations

It is important to interpret our results in light of limitations in our 
model implementation, CABLE-POP, and current ecological knowl-
edge. First, though we simulated regular disturbances in CABLE-
POP, disturbances were not explicitly linked to predicted changes 
in fire regimes or pest and disease outbreaks which are likely to 
increase in frequency and severity in Australian forests under cli-
mate change and cause negative effects on forest carbon uptake 
and storage (Booth et  al.,  2015; Bowman et  al.,  2020; Pinkard 
et al., 2017). Changed fire regimes are of particular importance since 
recent changes in fire weather (~ last 30 years) have been linked to 
large (~350%) increases in forest area burned across Australia with 
these trends expected to continue under climate change (Canadell 
et  al.,  2021). Secondly, CABLE parameters for the Evergreen 
Broadleaf Forest PFT were optimized against eddy-covariance ob-
servations of GPP and ET that were derived from whole ecosystems 
that included both tree and grass components. This may have biased 
the optimization, particularly for the tropical savanna ecosystems 
where the grass fraction ranged from ~0.5 to 0.6 (Table 2) and C4 
grasses contribute around half of GPP during the wet season (Ma 
et al., 2020; Moore et al., 2016). Finally, our implementation of the 
thermal acclimation of photosynthesis functions will have influenced 
the simulated thermal acclimation effect. Acclimation outside the 
function's thermal range may have enhanced the effect at very high 
and low temperatures; adjusting J:V through “co-ordination of pho-
tosynthesis” eliminated thermal acclimation effects on this ratio; and 
including both the effects of acclimation and adaptation from the 
Kumarathunge et al. (2019) functions incorporated effects of adap-
tation within the reported thermal acclimation effect which may be 
of particular importance when photosynthesis was limited by Jmax.

Like all LSM's CABLE-POP is also limited in its ability to simu-
late several components of ecosystem carbon dynamics. For ex-
ample, photosynthesis has been widely observed to acclimate to 
elevated CO2 in experimental conditions (Ainsworth & Long, 2005; 
Ainsworth & Rogers, 2007). In CABLE-POP, CO2 concentration is a 
key input to the photosynthesis functions, however these functions 
do not acclimate with changing CO2 concentration. Likewise, the 
CABLE-POP biomass allocation scheme may not accurately repre-
sent the conversion of GPP into live tree biomass under elevated 
CO2. True carbon assimilation is limited either by CO2 availability 
(i.e., source limited) or cambial cell growth (i.e., sink limited, Cabon 
et al., 2022) and while elevated CO2 likely stimulated GPP via the 
Farquhar et al. (1980) photosynthesis model, whether the stem bio-
mass allocation scheme of Shinozaki et al.  (1964)'s pipe model ac-
curately represents conversion of GPP to biomass under conditions 
of elevated CO2 is unknown. Furthermore, CABLE-POP acclimates 
leaf, stem and root respiration to changing temperature but not to 
changing CO2 concentration despite experimental evidence that 
plant respiration can be influenced by CO2 concentration (Dusenge 
et al., 2019). As such, real-world responses to elevated CO2 may de-
viate from our predictions.

Additional uncertainties in our study relate to insufficient 
knowledge of ecosystem responses to the novel environmental con-
ditions of climate change. As noted above, the capacity for plants 
to acclimate photosynthesis beyond the 37°C upper limit of the 
Kumarathunge et al. (2019) functions is currently unknown. This will 
be key to understanding whether tropical ecosystems are able to 
acclimate in situ as the climate warms. Likewise, there are a lack of 
data on photosynthetic thermal acclimation of C4 grasses which is 
of particular importance for tropical savanna ecosystems. Yamori 
et al. (2014) demonstrated that the photosynthetic thermal optima 
of C4 plants is linearly related to growth temperature which implies 
thermal acclimation. However, functions for simulating C4 acclima-
tion within LSM's have not yet been developed. Finally, of critical 
importance to improving the representation of future carbon up-
take and storage under climate change within LSMs is advancing our 
knowledge of the interactive effects of acclimation to both elevated 
CO2 and temperature on photosynthetic parameters.

5  |  CONCLUSION

Our study is the first to simulate the effects of thermal acclima-
tion of photosynthesis on future GPP, NPP, and live tree carbon 
storage in diverse wooded ecosystems under climate change using 
functions developed by Kumarathunge et  al.  (2019). We show 
that thermal acclimation of photosynthesis would enhance car-
bon uptake and storage in tropical savannas and tropical forests 
and have small or negligible effects in Mediterranean woodlands, 
temperate woodlands, and temperate forests. Our simulations 
indicate that this enhancement is largely stimulated by projected 
increases in atmospheric CO2 concentrations. Furthermore, our 
simulations suggest that the combined direct effects of increasing 
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temperatures, changed precipitation regimes, and elevated CO2 
will enhance GPP, NPP and live tree carbon storage across a range 
of wooded ecosystems in the future. While our results give reason 
to be cautiously optimistic, improved representation of the effects 
of nutrient limitation, photosynthetic acclimation to elevated CO2, 
and intensified disturbance regimes will be critical to improving 
future simulations of carbon uptake and storage in Australia's 
wooded ecosystems.
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