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Abstract
The triose phosphate utilization (TPU) rate has been identified as one of the processes
that can limit terrestrial plant photosynthesis. However, we lack a robust quantitative
assessment of TPU limitation of photosynthesis at the global scale. As a result, TPU,
and its potential limitation of photosynthesis, is poorly represented in terrestrial biosphere models (TBMs). In this study, we utilized a global data set of photosynthetic
CO2 response curves representing 141 species from tropical rainforests to Arctic tundra. We quantified TPU by fitting the standard biochemical model of C3 photosynthesis to measured photosynthetic CO2 response curves and characterized its
instantaneous temperature response. Our results demonstrate that TPU does not limit
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leaf photosynthesis at the current ambient atmospheric CO2 concentration. Furthermore, our results showed that the light‐saturated photosynthetic rates of plants
growing in cold environments are not more often limited by TPU than those of plants
growing in warmer environments. In addition, our study showed that the instanta-
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neous temperature response of TPU is distinct from temperature response of the
maximum rate of Rubisco carboxylation. The new formulations of the temperature
response of TPU derived in this study may prove useful in quantifying the biochemical
limits to terrestrial plant photosynthesis and improve the representation of plant photosynthesis in TBMs.
K E Y W OR D S

A/Ci curves, C3 photosynthesis, maximum carboxylation capacity, potential electron transport rate,
temperature, terrestrial biosphere models
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vegetation to global change. Many TBMs incorporate the Farquhar,
von Caemmerer, and Berry (1980) biochemical model of C3 photosyn-

Terrestrial biosphere models (TBMs) are one of the principal tools used

thesis (FvCB hereafter) to estimate terrestrial gross primary productivity

to estimate the impact of climate change on terrestrial vegetation

(GPP; Rogers, Medlyn, et al., 2017). Hence, the effect of climate change

(Medlyn et al., 2011; Mercado et al., 2018; Rogers, Serbin, et al.,

on modelled GPP depends on the formulation and parameterization of

2017). Plant photosynthesis is one of the key components in these

the FvCB model, and in particular, on the sensitivity of the key model

models. Robust representation of photosynthesis and its response to

parameters to environmental variables such as temperature, atmo-

climate change are important for predicting the response of terrestrial

spheric CO2 concentration, and soil moisture (Smith & Dukes, 2013).
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The FvCB model mechanistically represents photosynthetic CO2

acclimated plants is less likely to be limited by TPU as has been

assimilation as the minimum of two biochemical processes: Rubisco

observed previously in a limited number of species (Sage &

carboxylation and ribulose‐1,5‐bisphosphate (RuBP) regeneration

Sharkey, 1987). However, it is not clear to what extent that TPU limits

(Von Caemmerer, 2013; Farquhar et al., 1980). However, under some

photosynthesis in plants growing in the diverse range of different

environmental conditions, a third biochemical process, the triose phos-

growth temperatures that are represented by TBMs. Most studies

phate utilization (TPU) rate, limits net photosynthesis (Harley &

on TPU limitation have been conducted under controlled experimental

Sharkey, 1991; McClain & Sharkey, 2019; Sharkey, 1985; Sharkey,

conditions (Bernacchi et al., 2013). Evidence for the occurrence of TPU

Bernacchi, Farquhar, & Singsaas, 2007). Decades of empirical research

limitation in mature plants in natural ecosystems is rare (Ellsworth,

have sought to improve the model representation of the first two pro-

Crous, Lambers, & Cooke, 2015). Owing to this lack of evidence, many

cesses (Hikosaka, Ishikawa, Borjigidai, Muller, & Onoda, 2006; Kattge

TBMs either do not consider TPU limitation or represent it

& Knorr, 2007; Kumarathunge et al., 2019, Medlyn et al., 2002; Rog-

nonmechanistically (Rogers, Medlyn, et al., 2017; Lombardozzi et al.,

ers, Medlyn, et al., 2017; Wullschleger, 1993). In contrast, TPU is often

2018). For example, some models assume TPU to be a fixed fraction

ignored when parameterizing the FvCB model (Crous et al., 2013; De

of the maximum rate of Rubisco carboxylation (Vcmax), where Wp =

Kauwe et al., 2016; Manter & Kerrigan, 2004; Vårhammar et al., 2015)

0.5Vcmax (Clark et al., 2011,Oleson et al 2013; Collatz, Ball, Grivet, &

and is rarely implemented in TBMs (Kattge, Knorr, Raddatz, & Wirth,

Berry,

2009; Smith, Lombardozzi, Tawfik, Bonan, & Dukes, 2017; Smith,

temperature response of TPU is identical to that for Vcmax (e.g., Oleson

Malyshev, Shevliakova, Kattge, & Dukes, 2016). Although we have a

et al., 2013). Studies of the temperature response of TPU are also rare

sound biochemical understanding of the TPU limitation on plant pho-

(Yang et al., 2016), so there are limited resources available to inform

tosynthesis (Sharkey, 1985), we lack a robust quantitative assessment

the adoption of an independent TPU temperature response in TBMs.

1991).

Moreover,

these

models

assume

that

the

of TPU limitation of photosynthesis at the global scale. There is a

Recently, Lombardozzi et al. (2018) examined the effect of includ-

dearth of empirical evidence of environmental controls on TPU limita-

ing TPU limitation in the Community Land Model (CLM) v4.5. They

tion across different plant functional types and biomes (Lombardozzi

found that implementation of TPU in CLM resulted in a limitation of

et al., 2018) that is a critical knowledge gap limiting informed imple-

photosynthesis by TPU under present day and future predicted ambi-

mentation of TBM formulations that include TPU limitation as part of

ent CO2 concentrations, most consistently at high latitudes, and an

the FvCB model (Rogers, Medlyn, et al., 2017).

approximate 6% reduction in terrestrial carbon uptake and storage at

Empirical studies demonstrate that TPU limitation occurs more fre-

the end of the 21st century. To represent TPU, the following assump-

quently at higher CO2 concentration (Busch & Sage, 2017; Labate &

tions were made. First, TPU was assumed to be a fixed fraction of

Leegood, 1988; Sage, Sharkey, & Seemann, 1989), but it is not clear

Vcmax. Second, the temperature response of TPU was assumed to be

to what extent it limits photosynthesis at current or future predicted

the same as for Vcmax. Thermal acclimation of TPU was assumed to

atmospheric CO2 concentrations. Some studies indicate that net pho-

be the same as that of Vcmax, which was represented by an algorithm

tosynthesis is more likely to be TPU limited at low temperatures even

derived from empirical data (Kattge & Knorr, 2007). Owing to the lim-

under ambient CO2 concentrations (Busch & Sage, 2017; Sage &

itations of that empirical data set, the algorithm does not allow for

Sharkey, 1987; Stitt & Hurry, 2002; Strand, Hurry, Gustafsson, &

temperature acclimation below 11°C or above 29°C. Lombardozzi

Gardeström, 1997; Yang, Preiser, Li, Weise, & Sharkey, 2016), but it

et al. (2018) highlighted the need for improved physiological under-

is not clear how widespread this finding might be. At low tempera-

standing of the conditions under which TPU limitation might be impor-

tures, due to lower activity of proteins of the sucrose synthesis path-

tant and the need for empirically informed implementation of TPU in

way

sucrose

TBMs. However, to date, there is no comprehensive study available

phosphate synthase), the rate of triose phosphate production in the

in the literature that can enable an assessment of TPU in response to

Calvin cycle cannot be met by the capacity of sucrose synthesis

the environment. Therefore, the validity of the above assumptions,

(Pons, 2012). Due to this overproportional decrease in sucrose synthe-

and similar ones in other TBMs (Rogers, Medlyn, et al., 2017; Smith

sis, it can be expected that TPU limitation would be more frequent at

& Dukes, 2013), remains uncertain. Given the sensitivity of terrestrial

low temperatures (Sharkey et al., 1986; Stitt, Grosse, & Woo, 1988).

plant photosynthesis to TPU in current TBMs, as highlighted by

Hence, it can be hypothesized that TPU limitation of photosynthesis

Lombardozzi et al. (2018), it is important to synthesize the extent of

is more prevalent in plants growing at cold environments compared

TPU limitation and its temperature response using data obtained

with the plants grown at warm environments. Nevertheless, several

across different ecosystems at the global scale.

(e.g.,

cytosolic

fructose‐1,6‐bisphosphatase

and

lines of evidence suggested that sucrose synthesis capacity is

To address this knowledge gap, we used a global data set of plant

temperatures

photosynthetic CO2 response curves spanning ecosystems from trop-

(Stitt & Hurry, 2002). Also, previous literature suggested that plants

ical rainforests to Arctic tundra. We inferred key photosynthetic bio-

increased

as

the

plants

acclimate

to

low

regulate TPU, Rubisco activity, and RuBP regeneration so that the

chemical parameters by fitting a standard C3 photosynthesis model

capacity to fix carbon will not exceed the capacity to make sugars

to the raw gas exchange data. Our primary objective was to improve

(Stitt et al., 1988; Stitt & Grosse, 1988). Further, plants maintain

the current understanding of TPU limitation on leaf net photosynthesis

TPU rate just slightly higher than what is likely to be required

by describing and summarizing the extent of TPU limitation across

(Yang et al., 2016). Hence, it is also likely that photosynthesis of cold

important plant functional types grown and measured in their natural
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environments around the globe. In particular, we examined the follow-

mol−1) are Michaelis–Menten coefficients of Rubisco activity for CO2

ing three questions: (a) Is TPU limitation to leaf photosynthesis wide-

and O2, respectively, Γ* (μmol mol−1) is the CO2 compensation point

spread at current ambient atmospheric CO2 concentrations? (b) Is

in the absence of photorespiration, RL (μmol m−2 s−1) is the

the photosynthetic rate of plants growing in cold environments more

nonphotorespiratory CO2 evolution in the light, J (μmol m−2 s−1) is

often limited by TPU than in plants growing in warmer environments?

the rate of electron transport that is related to incident photosynthet-

And (c) do TPU and Vcmax have similar instantaneous temperature

ically active photon flux density (Q, μmol m−2 s−1) by Equation (5), TPU

responses?

(μmol m−2 s−1) is the TPU rate, and α is the fraction of the
photorespiratory product, glycolate, returned to the chloroplast. We

2
2.1

assumed α = 0 (a closed photorespiratory cycle; Harley & Sharkey,

MATERIALS AND METHODS

|

|

1991) when fitting A/Ci curves.

Data sources

θJ2 − ðϕQ þ Jmax ÞJ þ ϕQJmax ¼ 0;

We used ACi‐TGlob_V1.0 (Kumarathunge et al., 2018), a global data
set of plant photosynthetic CO2 response curves (referred to as A/Ci
curves hereafter), for this analysis. The data set contains a total of
5,113 A/Ci curves measured in situ at multiple leaf temperatures of
upper canopy sun‐lit leaves from 141 plant species from 42 different
studies conducted around the world (Table S1). The data set covers
diverse ecosystems including tropical rainforests, temperate and
boreal forests, semiarid woodlands, and Arctic tundra. A detailed
description of data collection, data compilation, and quality control is
given in Kumarathunge et al. (2018).

(5)

where Jmax (μmol m−2 s−1) is the potential rate of electron transport, ϕ
(μmol mol−1) is the quantum yield of electron transport, and θ (dimensionless) is the curvature of the light response curve.
We fitted Equations (1)–(5) to each measured A/Ci curve using the
fitacis function within the plantecophys package (Duursma, 2015) in R
version 3.5.1 (R Development Core Team, 2018). The model fitting
algorithm is based on the logic introduced by (Gu, Pallardy, Tu, Law,
& Wullschleger, 2010). Fitting is done by looping over the potential
limitation states. The different limitation states are obtained by
assigning each point in an A/Ci curve to one of three limitations, without a prior assumption in the order of each limitation states occur.

2.2

|

Theory

Parameter values are obtained for each limitation state by regression.
Parameter values are retained for the limitation state yielding the best

We used the Farquhar et al. (1980) C3 photosynthesis model to infer

overall fit with minimum sum of squares error (Duursma, 2015). This

the biochemical limitations on net leaf photosynthesis (Anet). The

fitting approach is appropriate because it makes no a priori assump-

model incorporates three principal processes occurring in plant leaves
at the same time: photosynthesis, photorespiration, and mitochondrial
respiration in the light (Farquhar et al., 1980). The original FvCB model
represents Anet as the minimum of two process rates: the Rubisco
carboxylation‐limited photosynthetic rate (Wc) and the RuBP
regeneration‐limited photosynthetic rate (Wj), and later revised to
include the TPU‐limited rate, Wp (Harley & Sharkey, 1991; Sharkey,
1985). The widely used formulation of the model is as follows:


Γ*
Anet ¼ min W c ; W j ; W p 1 −
Ci

tions about the limitation states at different parts of the curve. Some
curves may show no TPU limitation. We used the Bernacchi, Singsaas,
Pimentel, Portis, and Long (2001) kinetic constants for the temperature response of Kc, Ko, and Γ* as given in Medlyn et al. (2002). We
used measured photosynthetically active irradiance values for fitting
A/Ci curves whenever available, otherwise assuming a fixed value of
1,800 μmol m−2 s−1. We assumed default fitacis parameter values for
quantum yield of electron transport, Φ (0.24 mol mol−1), and the cur-

!

vature of the light response curve, θ (0.85; unitless), for all data sets
− RL

(1)

(Equation 5). In our A/Ci curve fitting method, we did not account
for the variations in mesophyll conductance (gm) as gm is not separately
identifiable from Vcmax when fitting an A/Ci curve. Therefore, the esti-

C
i

W c ¼ V cmax
Oi
Ci þ K c 1 þ
Ko

(2)

mated parameters, Vcmax and Jmax, are considered apparent values
(Bahar, Hayes, Scafaro, Atkin, & Evans, 2018). This approach is appropriate for this analysis because almost all current TBMs ignore gm and
use apparent Vcmax and Jmax values. We did not account for CO2 and

J
Ci

Wj ¼ 
4 C þ 2Γ*
i

(3)

H2O diffusion through cuvette gaskets as there was insufficient information to implement those corrections accurately across the large set
of curves. We visually inspected every fitted A/Ci curve in the data set

Wp ¼

3TPU Ci
*

Ci − ð1 þ 3αÞΓ

for possible outliers and erroneous data points (i.e., negative intercel-

;

(4)

lular CO2 concentrations). We excluded parameters of a given A/Ci
curve from further analysis if the r2 of the fitted function was less

where Vcmax is the maximum rate of carboxylation by the enzyme
−1

than.90 (De Kauwe et al., 2016). This criterion removed approximately

RuBP carboxylase–oxygenase (Rubisco), Ci and Oi (μmol mol ) are

6% of the total A/Ci curves of the data set. After screening, the data

intercellular CO2 and O2 concentrations, respectively, Kc and Ko (μmol

set contained a total of 4,260 A/Ci curves measured at leaf
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temperatures ranging from 3°C to 50°C. A detailed description of the

environments, common garden studies, and data sets with repeated

A/Ci curve fitting and parameter quality control can be found in

seasonal photosynthetic measurements. Our objective was to summa-

Kumarathunge et al. (2018).

rize the extent of TPU limitation on leaf photosynthesis across the

We utilized the intercellular CO2 concentration at the rate transi-

globe. First, we utilized all available data to quantify how frequently

tion points to infer the biochemical process that limits the net photo-

TPU is limiting at the current ambient CO2 concentration. Second,

synthetic rate at current ambient CO2 levels (400 μmol mol−1). The Ci

we utilized a subset of the data set that contains measurements from

transition points between Wc and Wj (Ci‐1) and Wj and Wp (Ci‐2) were

mature plants growing and measured in their native environments to

located by identifying the points at which the two functions (i.e.,

identify patterns in TPU limitation across different ecosystems. To

either Wc and Wj or Wj and Wp) intersect (see Figure 1). We calculated

examine temperature responses of TPU, we further subset the data

the Ci corresponding to the current ambient CO2 concentration of 400

to only consider curves where TPU limitation was identified by the

μmol mol−1 by assuming a constant Ci:Ca of 0.7 (median Ci:Ca across

fitting algorithm. The temperature response of TPU was fitted using

−1

the data set; Figure S1), giving Ci = 280 μmol mol . Under these

the peaked Arrhenius function (Johnson, Eyring, & Williams, 1942):

assumptions, we inferred that the photosynthetic rate at the current



298:15 ΔS − Hd

1 þ exp
Ea ðT k − 298:15Þ
298:15 R

 ;
¼ TPU25 exp
T k ΔS − Hd
ð298:15 R T k Þ
1 þ exp
Tk R

ambient CO2 concentration is Wc limited if 280 ≤ Ci‐1 and Ci‐2, Wj limited if Ci‐1 < 280 ≤ Ci‐2, and Wp limited if Ci‐1 and Ci‐2 ≤ 280. A conceptual depiction of these conditions is shown in Figure 1.

TPUðTk Þ

(6)

2.3

|

Data analysis

where TPUðTk Þ is the process rate at a given temperature, Tk (K), TPU25
is the TPU rate at 25°C, R is the universal gas constant (8.314 J mol−1

The data set utilized in this study contains data measured across a

K−1), Ea (kJ mol−1) is the activation energy term that describes the

range of experiments including mature plants growing in their native

exponential increase in the temperature response function with the

FIGURE 1 Conceptual figure demonstrating
the typical CO2 response of leaf net
photosynthesis (A/Ci curve). Filled circles
depict the measured leaf net photosynthetic
rated at different intercellular CO2
concentration levels (Ci). Solid lines depict the
Rubisco carboxylation‐limited photosynthetic
rate (Wc limitation, purple line), RuBP
regeneration‐limited photosynthetic rate (Wj
limitation, orange line), triose phosphate
utilization‐limited rate (Wp limitation, grey
line), and the limiting rate of net
photosynthesis (black). The two filled circles
depict the Ci at transition points from Rubisco
carboxylation‐limited photosynthetic rate to
RuBP regeneration‐limited photosynthetic
rate (Ci‐1, purple circle) and from RuBP
regeneration‐limited photosynthetic rate to
TPU‐limited photosynthetic rate (Ci‐2, orange
circle). The dashed and dotted lines depict the
CO2 supply functions corresponding to
current ambient CO2 concentration (400 μmol
mol−1, dashed line) and an elevated CO2
concentration (600 μmol mol−1, dotted line).
The background‐shaded area depicts the Ci
range where net photosynthesis is limited by
Wc (purple), Wj (orange), and Wp (grey). The
data shown in this figure were obtained at a
leaf measurement temperature of 18°C on
Eucalyptus parramattensis trees grown in
whole tree chambers in Richmond, NSW,
Australia. The fitted parameter values were
Vcmax = 155, Jmax = 250, TPU = 11, and Rday =
3.1 μmol m−2 s−1
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increase in temperature, Hd (kJ mol−1) is the deactivation energy, and

analysed separately (Figure 2a). Similar results were observed for the Ci

ΔS (J mol−1 K−1) is the entropy term. To avoid overparameterization,

at the process transition between Wj and Wp (Figure 2b).

we assumed a fixed value of 200 kJ mol−1 for Hd in Equation (6) for

The lack of any significant correlations between Ci at process tran-

all data sets (Dreyer et al., 2001). Parameters of Equation (6) were esti-

sitions and leaf temperature allowed us to utilize all available data for

mated in a non‐linear mixed model framework (Zuur et al., 2009) using

further inferences. When all data were pooled together, the median

the nlme function within the nlme package in R version 3.5.1 (R Devel-

intercellular CO2 concentration at the process transition between Wc

opment Core Team, 2018). We extracted the long‐term (1960–1990)

and Wj (Ci‐1) was 423 μmol mol−1 (Figure 3a). The median Ci at the

mean air temperature at the measurement sites using a high resolution

process transition between Wj and Wp (Ci‐2) was 810 μmol mol−1

global gridded climatology database (Hijmans, Cameron, Parra, Jones,

(Figure 3a). Among the different PFTs, Arctic plants showed a signifi-

& Jarvis, 2005). We calculated mean growing season temperature for

cantly higher median Ci‐2 value compared with the others (Figure 3b;

each site as the mean temperature of the months with mean temper-

post hoc Tukey tests, P < .001). Our data suggested that, at a current

atures above 0°C (Thome). We fitted general additive models (Rigby &

ambient atmospheric CO2 concentration of 400 μmol mol−1 (i.e., Ci =

Stasinopoulos, 2005) to visualize the patterns in the basal rate of

280 μmol mol−1; Figure S1b), ~80% of the measured light‐saturated

TPU (TPU25) of mature plants with mean growing season temperature

net photosynthesis values were Rubisco carboxylation (Wc) limited.

of the native growth environment . The R code used for the entire

We did not observe any Ci‐2 values falling below 280 μmol mol−1.

analysis is publicly available through the repository, https://

Hence, our study suggests that TPU limitation of light‐saturated net

bitbucket.org/Kumarathunge/testtpu.

photosynthesis under current ambient CO2 concentration is extremely
rare. In our data set, the median of the maximum atmospheric CO2
concentration set point of A/Ci curve measurements was >1,400 μmol

3

|

mol−1 for all PFTs (Table 1 and Figure S1). In all PFTs, the median of

RESULTS

the maximum measurement Ci was higher than the median Ci that
In our data set, ~32% of the A/Ci curves showed some TPU limitation

TPU limitation occurs (i.e., 810 μmol mol−1). Hence, we emphasize that

at the upper end of the measurement intercellular CO2 concentration

the measurement Ci range was high enough for a robust assessment of

range (Table 1). Arctic plants and boreal evergreen gymnosperms

TPU limitation.

showed a significantly lower proportion of curves with TPU limitation

We investigated whether light‐saturated photosynthetic rates of

compared with other Plant functional types (PFTs) (Table 1), whereas

plants growing in cold environments are more often limited by TPU

the PFT with the highest proportion of A/Ci curves exhibiting TPU limita-

compared with those of plants growing in warmer environments. We

tion was the temperate evergreen angiosperms. We found no detectable

observed a weak but significant negative correlation between the

correlation between leaf temperature and the Ci at process transition

long‐term mean growing season air temperature (Thome) and the Ci at

between Wc and Wj, either for the whole data set or for different PFTs

process transition between Wc and Wj (Ci‐1; Figure 4a; r2 = .1).

TABLE 1

Descriptive statistics of triose phosphate utilization rate limitation across different plant functional types

Plant
functional
type

Total
Total
Total
Maximum atmospheric CO2
Number of A/Ci
Measured maximum
number of number of number of intercellular CO2
concentration set point of individual A/ curves showing TPU
data sets species
A/Ci curves concentration (μmol mol−1)a Ci curves (μmol mol−1)a
limitationb (%)

Arctic tundra

1

7

242

1,531 (1,340–1,746)

1,786 (1,772–1,915)

30 (12)

Boreal evergreen
gymnosperms

5

4

429

1,348 (929–1,685)

1,800 (1,601–1,973)

71 (17)

Temperate
evergreen
gymnosperms

7

10

672

1,496 (1,220–1,839)

1,778 (1,102–1,909)

134 (20)

Temperate
deciduous
angiosperms

11

17

1,011

1,030 (897–1,832)

1,481 (1,465–1,529)

335 (33)

Temperate
evergreen
angiosperms

13

27

1,253

1,362 (1,039–1,744)

1767 (1747 – 1981)

591 (47)

Tropical
evergreen
angiosperms

6

47

653

1,227 (896–1,811)

1,747 (1,193–1,979)

209 (32)

Whole data set

43

112

4,260

1,283 (957–1,820)

1,783 (1,524–1,993)

1,370 (32)

a

Values given are the median (2.5th and 97.5th percentiles of the distribution).

b

Within the measurement Ci range of a given A/Ci curve.
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FIGURE 2 The intercellular CO2 concentration at rate transition points as a function of leaf temperature. Panel (a) depicts the Ci at the rate
transition point from Rubisco‐limited photosynthesis to RuBP regeneration‐limited photosynthesis (Ci‐1). Panel (b) depicts the Ci at rate
transition point from RuBP regeneration‐limited photosynthesis to TPU‐limited photosynthesis (Ci‐2). Filled symbols show the mean of data binned
in 1°C increments, and the original data are shown in the background with unfilled symbols. The horizontal broken line depicts the Ci value
corresponding to current ambient atmospheric CO2 concentration (~400 μmol mol−1) at a Ci:Ca ratio of 0.7. The legend in Panel (a) depicts six
different plant functional types: Arctic tundra, temperate deciduous angiosperms (Te‐DA), temperate evergreen angiosperms (Te‐EA), tropical
evergreen angiosperms (Tr‐EA), boreal evergreen gymnosperms (Br‐EG), and temperate evergreen gymnosperms (Te‐EG). Note that the data
shown here are from the A/Ci curves that showed TPU limitation within the measurement Ci range (n = 1,114) [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 3 The distribution of intercellular CO2 concentration at the rate transition point. In Panel (a), the shaded area depicts the distribution of
Ci at the rate transition point from Rubisco carboxylation‐limited photosynthetic rate to RuBP regeneration‐limited photosynthetic rate (grey) and
from RuBP regeneration‐limited photosynthetic rate to TPU‐limited photosynthetic rate (pink). The thick vertical lines in respective colours in
Panel (a) show the median Ci for the two transition steps and the dashed line depicts the Ci value corresponding to the current ambient
atmospheric CO2 level (~400 μmol mol−1) at a Ci:Ca of 0.7. Panel (b) shows the Ci value at the transition point from RuBP regeneration‐limited
photosynthesis to TPU‐limited photosynthesis for six different plant functional types: Arctic tundra, temperate deciduous angiosperms (Te‐DA),
temperate evergreen angiosperms (Te‐EA), tropical evergreen angiosperms (Tr‐EA), boreal evergreen gymnosperms (Br‐EG), and temperate
evergreen gymnosperms (Te‐EG). In the boxplots, the thick black line and box depict the median and interquartile range, respectively, with bars
extending to 1.5 times the interquartile range. Dots outside of the box and whiskers show outlying data points [Colour figure can be viewed at
wileyonlinelibrary.com]

However, we did not detect a significant correlation between Thome

growth temperature strongly suggests that there is no association

and the Ci at process transition between Wj and Wp (Ci‐2; Figure 4b).

between the extent of the TPU limitation to light‐saturated net photo-

The lack of a significant correlation between the Ci‐2 and the plants'

synthesis and home climate.
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FIGURE 4 Intercellular CO2 concentration at rate the transition point at a standard temperature of 25°C, as a function of climate of the growing
environment for various plant functional types. Panel (a) depicts the Ci at the rate transition point from Rubisco carboxylation‐limited
photosynthetic rate to RuBP regeneration‐limited photosynthesis and Panel (b) depicts the Ci at rate transition point from RuBP regeneration‐
limited photosynthetic rate to TPU‐limited photosynthetic rate. The dashed lines in each panel depict the Ci value corresponding to the current
ambient atmospheric CO2 level (~400 μmol mol−1) at a Ci:Ca of 0.7. The thick line in panel (a) depicts the least‐squares linear regression fit
(y = 499.6 − 9.4x; r2 = .1), and the shaded area shows the 95% confidence interval of predictions. The data presented here are measurements of
mature plants grown and measured in their native environments for different plant functional types: Arctic tundra, temperate deciduous
angiosperms (Te‐DA), temperate evergreen angiosperms (Te‐EA), tropical evergreen angiosperms (Tr‐EA), boreal evergreen gymnosperms (Br‐EG),
and temperate evergreen gymnosperms (Te‐EG). Thome is the mean (1960–1996) growing season air temperature (i.e., mean temperature of the
months with mean temperatures above 0°C) [Colour figure can be viewed at wileyonlinelibrary.com]
The instantaneous temperature response of the TPU rate of

TPU25 and the maximum rate of RuBP carboxylation at a standard

mature plants growing in their native environments showed distinctly

temperature of 25°C (TPU25:Vcmax25) also showed a decreasing trend

different patterns among the different PFTs. Arctic tundra species

with increasing long‐term mean growing season temperature (Thome).

showed an exponential increase in TPU with increasing leaf tempera-

Similar to TPU25, the TPU25:Vcmax25 ratio was highest for the Arctic

ture, with no optimum temperature within the measured leaf temper-

plants (Figure 6b and Table 2). We developed a simple function to

ature range (Figure 5a). All other PFTs showed a peaked response,

implement this pattern in TBMs (Equation 7, r2 = .70). Taken together,

where the rate increased up to an optimum temperature and then

these results suggested that the net photosynthetic rate of plants in

declined with increasing leaf temperature (Figure 5b–f). The highest

cold environments is not more frequently TPU limited than plants in

optimum temperature for TPU was observed for tropical evergreen

warmer environments, as the TPU is higher for plants in cold environ-

angiosperms (34.7°C) and the lowest was observed for the boreal

ments.

evergreen gymnosperms (28.0°C). The optimum temperatures for
temperate evergreen gymnosperms and temperate evergreen angio-

T p 25
¼ 0:20 − 0:005T home :
V cmax25

sperms were 32.5°C and 32.2°C, respectively (Table 2). The tempera-

(7)

ture response curves of TPU showed a significant departure from the
temperature response curves of Vcmax (Figure S2). The rate of increase
of TPU with temperature was shallower than that of Vcmax
(see Figure S2), so the estimated activation energy of TPU was lower

4

|

DISCUSSION

than that of Vcmax (Table 2). More importantly, in Arctic tundra, both
TPU and Vcmax increased exponentially with leaf temperature and did

Our comprehensive analysis of a global data set of plant photosyn-

not show a temperature optimum within the measurement leaf tem-

thetic CO2 response measurements across many ecosystems, span-

perature range (Figure S2a). For other PFTs, the optimum temperature

ning

for TPU was approximately 6–8°C lower than that for Vcmax (Figure

demonstrates that photosynthesis is not TPU limited at current ambi-

S2b–f).

ent atmospheric CO2 concentrations. We found no relationship

a

measurement

temperature

range

of

3°C

to

50°C,

The data showed a significant negative relationship between the

between TPU limitation and leaf temperature and there was no evi-

basal rate of TPU at a standard temperature of 25°C (TPU25) and the

dence to support the view that plants growing in cold environments

long‐term mean growing season temperature of the plants' native

are more frequently TPU limited compared with plants growing in

growth environment (Figure 6a). The highest TPU25 was observed

warmer climates. Furthermore, our analysis did not support the com-

−2

for Arctic tundra (30.3 ± 1.6 μmol m

−1

s ) and the lowest for tropical

evergreen angiosperms (4.7 ± 0.7 μmol m−2 s−1). The ratio between

mon assumption that TPU has the same temperature response function as Vcmax.

3248

KUMARATHUNGE

ET AL.

FIGURE 5 Instantaneous temperature response of the triose phosphate utilization (TPU) rate of mature plants growing in their native
environments for different plant functional types: (a) Arctic tundra, (b) boreal evergreen gymnosperms (Br‐EG), (c) temperate evergreen
gymnosperms (Te‐EG), (d) temperate deciduous angiosperms (Te‐DA), (e) temperate evergreen angiosperms (Te‐EA), and (f) tropical evergreen
angiosperms (Tr‐EA). Filled circles depict the TPU values from fitting Equation (4) to A/Ci curves (only A/Ci curves that showed TPU limitation
within the measurement Ci range, n = 1,114). Lines in each panel show the fitted standard Arrhenius model (in Panel a) or the peaked Arrhenius
model (in Panels b–f). Fitted temperature response parameters are given in Table 2. Note the disparity in x‐axis scales

TABLE 2

Temperature response parameters of TPU and Vcmax for mature plants growing in their native environments
Basal rate at 25°C (μmol m−2 s−1)

Ea (kJ mol−1)

Plant functional type

TPU

Vcmax

TPU

Arctic tundra

20.3 (1.6)

78.3 (12.7)

46.2 (5.3)

Boreal evergreen gymnosperms

7.9 (1.4)

Temperate evergreen gymnosperms 6.0 (0.9)

ΔS (J mol−1 K−1)

Topt (°C)

Vcmax

TPU

TPU

55.9 (4.8)

Not estimated 657.5 (5.7) Not estimated 26.7

Vcmax

Vcmax

80.4 (8.0)

30.9 (10.4) 50.3 (4.7)

650 (3.8)

637.6 (3.2) 28.0

36.1

42.8 (13.9)

36.5 (5.6)

60.1 (7.7)

642 (4.1)

635.2 (5.6) 32.5

38.3

Temperate deciduous angiosperms

9.0 (2.1)

39.0 (1.4)

28.8 (10.6) 69.0 (3.8)

644 (3.1)

636.6 (1.7) 30.4

38.4

Temperate evergreen angiosperms

8.7 (1.0)

82.9 (11.0)

23.7 (6.1)

638 (3.1)

632.4 (1.7) 32.2

39.5

Tropical evergreen angiosperms

4.7 (0.7)

39.4 (8.9)

53.9 (13.8) 47.4 (10.0) 641 (3.5)

623.1 (9.1) 34.7

44.3

86.4 (4.6)

Note. TPU is the triose phosphate utilization rate, Vcmax is the maximum rate of RuBP carboxylation, Ea is the activation energy, ΔS is the entropy, and Topt is
the optimum temperature. Except for Arctic tundra, a peaked Arrhenius model was used to parameterize the instantaneous temperature response. For Arctic tundra, TPU exponentially increased within the measurement leaf temperature range; hence, the standard Arrhenius model was fitted to the data.

In

this

study,

we

demonstrated

that

light‐saturated

et al., 2016). None of the A/Ci curves included in our analysis showed

photosynthesis at current ambient atmospheric CO2 concentrations

a transition to the TPU‐limited photosynthetic rate at Ci values less

(~400 μmol mol−1) is most often Rubisco limited (80% of the A/Ci

than or equal to 280 μmol mol−1. We can, therefore, be confident that

curves in our data set), which agrees with previous work demonstrat-

TPU rarely limits leaf photosynthesis in natural ecosystems at current

ing that the light‐saturated photosynthetic rate at current ambient

ambient atmospheric CO2 concentrations. Previous work has also

CO2 concentration is principally limited by RuBP carboxylation

shown that TPU is rarely reported as a limiting factor for leaf photo-

(De Kauwe et al., 2016; Rogers & Humphries, 2000; Yamaguchi

synthesis when it is measured under the ambient CO2 and growth
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(~1–50°C),

RuBP

regeneration

limitation

typically

occurs

at

higher CO2 partial pressures and mostly at low light levels
(von Caemmerer, 2000). Therefore, we conclude that it is rare for photosynthesis to be TPU limited under current ambient atmospheric CO2
concentrations. Furthermore, free‐air CO2 enrichment experiments
where plants are grown at elevated CO2 concentration in field conditions have demonstrated that Vcmax is typically reduced at elevated
CO2 concentration, maintaining Rubisco limitation of light‐saturated
assimilation at elevated CO2 (Ainsworth & Rogers, 2007). Therefore,
it is highly unlikely for photosynthesis to be TPU limited under future
predicted atmospheric CO2 concentrations until very high levels are
reached.
At low temperatures, the solubility of CO2 and the specificity of
Rubisco for CO2 relative to O2 increase, meaning that photorespiration decreases (Jordan & Ogren, 1984). Therefore, the capacity for
regeneration of inorganic phosphate (Pi) through photorespiratory
metabolism in the chloroplast is decreased because glycolate export
from chloroplasts to the peroxisome is reduced (Ellsworth et al.,
2015; Harley & Sharkey, 1991; Sharkey, 1985). Additionally, as enzymatic reaction rates associated with the sucrose synthesis are limited
at low temperatures (Lambers et al., 2008), accumulation of triose
phosphate and phosphoglyceric acid (PGA) in the chloroplast can
reduce the regeneration of Pi (Ellsworth et al., 2015; Sharkey, 1985).
Hence, it can be hypothesized that net photosynthetic rate could
potentially be TPU limited in plants grown at low growth temperatures
(Labate & Leegood, 1988; Lombardozzi et al., 2018; Sharkey, 2016).
However, the data presented here clearly refute this hypothesis. We
found a significant negative relationship between the basal rate of
TPU at a standard temperature of 25°C and the long‐term mean growing season temperature of the plants' native growth environment. Our
data indicate that photosynthesis of plants in cold environments is not
more frequently TPU limited than plants in warmer environments, as
the TPU is higher for plants in cold environments.
FIGURE 6 Rate of triose phosphate utilization at a standard
temperature of 25°C (TPU25; Panel a) and the TPU25:Vcmax25 ratio of
mature plants growing in their native environments. Lines in each
panel show fitted generalized additive models. Shaded area shows the
95% confidence interval of predictions. Legend in Panel (a) depicts
plant functional types: Arctic tundra, temperate deciduous
angiosperms (Te‐DA), temperate evergreen angiosperms (Te‐EA),
tropical evergreen angiosperms (Tr‐EA), boreal evergreen
gymnosperms (Br‐EG), and temperate evergreen gymnosperms (Te‐
EG). Thome is the mean (1960–1996) growing season air temperature
(i.e., mean temperature of the months with mean temperatures above
0°C) at species' growing environment. Error bars represent ±1SE
[Colour figure can be viewed at wileyonlinelibrary.com]

Furthermore, there is evidence that plants have the capacity to
compensate for the low temperature‐induced decrease in enzyme
activity associated with the Calvin cycle, electron transport, and
sucrose synthesis through several mechanisms including increased
concentration of photosynthetic enzymes (Yamori et al., 2005, Yamori
et al., 2011), increased expression of cold stable isozymes
(Yamori et al., 2006), and maintenance of membrane fluidity (Falcone,
Ogas, & Somerville, 2004). Several studies provide evidence for
increased concentrations of enzymes associated with sucrose synthesis, including sucrose phosphate synthase and cytosolic fructose‐1,6‐
bisphosphatase (Strand et al., 1997; Strand et al., 1999). These
mechanisms may allow cold temperature acclimation of metabolism

temperatures (Sage & Sharkey, 1987; Sharkey, 1985; Yang et al.,

to alleviate the TPU limitation to leaf photosynthesis. Additionally, cold

2016). Previous studies suggested that plants regulate TPU at a rate

acclimation typically increases the ratio of Jmax:Vcmax (Kattge & Knorr,

just slightly higher than what is likely to be required (Yang et al.,

2007; Kumarathunge et al., 2019; Rogers, Serbin, et al., 2017), such

2016), but our study indicates that TPU limitation is unlikely to be

that the photosynthetic rate is more likely to be limited by RuBP car-

important until CO2 concentrations reach ~800 μmol mol−1. Further,

boxylation in cold environments. Our data showed that the Ci at the

it has been reported that the TPU limitation usually occurs in condi-

rate transition points from Rubisco carboxylation limitation to RuBP

tions that are typical for RuBP regeneration‐limited photosynthesis

regeneration limitation was higher than the Ci values corresponding

(Bernacchi et al., 2013). At biologically relevant leaf temperatures

to current ambient CO2 concentrations for Arctic species. Hence, it
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is likely that the photosynthetic rate of Arctic species is most fre-

formulations of the temperature response of TPU should prove useful

quently RuBP carboxylation limited. Furthermore, Arctic plants have

in quantifying the biochemical limits of terrestrial plant photosynthesis

been shown to have a large root to shoot ratio (Iversen et al., 2015),

and improving the representation of plant photosynthesis in TBMs.

suggesting that sink strength may be sufficient to enable high rates
of sucrose export from the leaf and avoid TPU limitation (McClain &
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is not correct. Further, our finding of a temperature dependence challenges the use of fixed TPU:Vcmax ratio in TBMs (Clark et al., 2011;
Collatz et al., 1991; Lombardozzi et al., 2018).
Our data demonstrate that the modelled effects of TPU limitation
on global terrestrial GPP and the global carbon cycle may not be as
large as reported by Lombardozzi et al. (2018), either at current or
future projected atmospheric CO2 concentrations. Lombardozzi et al.
(2018) assumed a fixed TPU:Vcmax ratio, but here, we demonstrated
that the TPU:Vcmax ratio decreases with increasing temperature. Further, photosynthetic acclimation to rising CO2 concentration is not
currently implemented in the model used in their study (i.e.,
CLM4.5). Hence, it is likely that CLM predicts a higher sensitivity to
TPU at future CO2 concentrations that is not supported by observations (Ainsworth & Rogers, 2007; Leakey et al 2009). We recommend
that TBMs should dynamically change TPU:Vcmax with plants' growth
temperature and should use separate temperature response functions
to characterize the temperature dependency of TPU. Further, it is necessary to implement photosynthetic acclimation to rising CO2 concentration in TBMs to improved predictions of GPP in high CO2 model
simulations.
Our global scale synthesis of leaf photosynthesis using measurements obtained from a large number of studies, species, plant functional types, and a wide temperature range reveals that the extent of
TPU limitation at the global scale is uncommon and unrelated to temperature of the growing environment. Taken together, our new
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