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Abstract While interest in photosynthetic thermal accli-

mation has been stimulated by climate warming, compar-

ing results across studies requires consistent terminology.

We identify five types of photosynthetic adjustments in

warming experiments: photosynthesis as measured at the

high growth temperature, the growth temperature, and the

thermal optimum; the photosynthetic thermal optimum;

and leaf-level photosynthetic capacity. Adjustments of any

one of these variables need not mean a concurrent adjust-

ment in others, which may resolve apparently contradictory

results in papers using different indicators of photosyn-

thetic acclimation. We argue that photosynthetic thermal

acclimation (i.e., that benefits a plant in its new growth

environment) should include adjustments of both the pho-

tosynthetic thermal optimum (Topt) and photosynthetic

rates at the growth temperature (Agrowth), a combination

termed constructive adjustment. However, many species

show reduced photosynthesis when grown at elevated

temperatures, despite adjustment of some photosynthetic

variables, a phenomenon we term detractive adjustment.

An analysis of 70 studies on 103 species shows that

adjustment of Topt and Agrowth are more common than

adjustment of other photosynthetic variables, but only half

of the data demonstrate constructive adjustment. No sys-

tematic differences in these patterns were found between

different plant functional groups. We also discuss the

importance of thermal acclimation of respiration for net

photosynthesis measurements, as respiratory temperature

acclimation can generate apparent acclimation of photo-

synthetic processes, even if photosynthesis is unaltered. We

show that while dark respiration is often used to estimate

light respiration, the ratio of light to dark respiration shifts

in a non-predictable manner with a change in leaf

temperature.

Keywords Temperature acclimation � Carbon balance �
Global change biology � Meta-analysis � Day respiration

Introduction

Globally, mean air temperatures are expected to increase

3 �C by the year 2100, with warming of up to 6.5 �C at

higher latitudes (Christensen et al. 2007). Our ability to

predict how this warming might alter terrestrial carbon

uptake depends on determining the ability of plants to

respond to increasing growth temperatures (Niu et al.

2012). Particularly, we need an improved understanding of

how the physiological processes involved in photosynthesis

(and respiration) will acclimate to warmer conditions, to

provide a clear mechanistic framework for predicting

future shifts in carbon fluxes from vegetation. From this

standpoint, photosynthetic acclimation will be particularly

important in perennial, long-lived plant species that will

experience a rise in growing season temperatures over their
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lifespan, but that cannot easily migrate (Aitken et al. 2008).

Many studies have assessed the strength of thermal accli-

mation by measuring photosynthetic characteristics of

plants that develop at different growth temperatures, but

the results are diverse, and at times even appear to be

contradictory. Since determining the ability of plant spe-

cies to thermally acclimate photosynthesis to rising tem-

peratures is particularly relevant in a warming world, we

will focus on examples where growth temperatures

increase.

In their classic review on temperature acclimation of

photosynthesis, Berry and Bjorkman (1980, p. 497) define

photosynthetic acclimation as ‘‘environmentally induced

changes in photosynthetic characteristics that result in an

improved performance under the new growth regime’’.

Much of the early literature on photosynthetic thermal

acclimation emphasized the ability of plants to acclimate

effectively to a change in temperature, such that the

physiological changes induced by the new thermal envi-

ronment offset the effect of the change in temperature; this

type of acclimation results in relatively similar rates of

carbon fixation in leaves measured at their own growth

temperatures. But plants may demonstrate adjustments in

photosynthetic physiology or measured photosynthetic

variables that do not appear to improve their performance

under the new growth temperature. Thus, there is a need to

distinguish between adjustments in photosynthesis and

acclimation of photosynthesis, where the latter is reserved

for cases where the photosynthetic adjustments improve (or

at least maintain) photosynthetic performance with a shift

in growth temperature regime. For example, elevated

growth temperatures may alter photosynthetic physiology

and leaf anatomy such that photosynthesis is actually

reduced in individuals grown at the higher growth tem-

perature compared to individuals from a lower growth

temperature (e.g., Ferrar et al. 1989). This paper will focus

on the importance of defining what photosynthetic accli-

mation to increasing temperatures means, look at patterns

of different forms of photosynthetic adjustments across

studies, and will also briefly explore the importance of

considering thermal acclimation of respiration when dis-

cussing photosynthetic acclimation to temperature.

Definitions of thermal adjustments of photosynthesis

With regard to global change factors, temperature accli-

mation of photosynthesis is more complicated to describe

than acclimation to rising CO2 concentrations. Acclimation

to elevated CO2 concentrations is defined in the literature

as some degree of down-regulation of photosynthetic

capacity, where both the maximum carboxylation rates of

Rubisco (Vcmax) and the maximum electron transport rates

(Jmax) are reduced in the high CO2-grown leaf (Sage 1994).

This photosynthetic down-regulation actually reduces the

photosynthetic capacity of an acclimated leaf compared to

a leaf that does not acclimate to high CO2 (and would thus

be seen as a photosynthetic adjustment to CO2 by the

definitions used here). However, since the adjustment often

improves plant nitrogen use efficiency and can improve

overall plant performance (Leakey et al. 2009), when this is

demonstrated, the photosynthetic adjustments represent

true acclimation. Down-regulation is a common response

to high CO2 concentrations in both pot and field experi-

ments where nutrients supplies are not high, and the

mechanisms underlying and limiting down-regulation of

photosynthesis are generally understood (recently reviewed

in Leakey et al. 2009), giving us some predictive insight

into how future vegetation will respond to increasing

atmospheric CO2. But the response of photosynthesis to an

increase in growth temperature is much more diverse than

its response to rising CO2 concentrations and cannot be

described in terms of simple up- or down-regulation.

So what do we mean when we use the term thermal

acclimation of photosynthesis? In the literature on this

subject, researchers use the term ‘‘acclimation’’ for

adjustments in a number of photosynthetic variables. An

adjustment of any of these variables could increase CO2

assimilation rates (A) or photosynthetic performance in

some fashion, but not all of these types of adjustments will

necessarily improve the carbon gain of the plant at the new

growth temperature. There are at least five photosynthetic

variables reported in the literature as indicators of thermal

acclimation of photosynthesis, in that adjustments in these

variables indicate some improvement of photosynthetic

performance in the individual grown at the new, higher

temperature compared to an individual from the lower

growth temperature (Fig. 1):

1) Ahigh: A measured at the new, higher growth temper-

ature (Ahigh) is increased compared to A at that same

temperature in a leaf grown at the reference, lower

growth temperature (e.g., Fig. 2a, b). Examples of this

are found in Phaseolus vulgaris (Cowling and Sage

1998), Nerium oleander (Ferrar et al. 1989), Pisum

sativum (Haldimann and Feller 2005), and Spinacia

oleracea (Yamori et al. 2005).

2) Agrowth: A measured at the growth temperature

(Agrowth) is increased or maintained in plants grown

at the higher growth temperature when compared to

the reference, cooler plant (Fig. 2a, b). Here, carbon

gain at the respective growth temperature is improved,

or at least kept constant. This form of photosynthetic

adjustment has been reported in Solanum tuberosum

(Wolf et al. 1990), P. vulgaris (Cowling and Sage

1998), P. sativum (Haldimann and Feller 2005),

S. oleracea (Yamori et al. 2005), Secale cereale,
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Solanum lycopersicum, S. tuberosum, S. oleracea, Trit-

icum aestivum 9 Triticosecale and Vicia faba (Yamori

et al. 2009, 2010), and Zea mays (Suwa et al. 2010).

3) Topt The thermal optimum (Topt) of photosynthesis in a

warm-grown leaf has shifted toward the new growth

temperature compared to the Topt of a reference leaf

grown at a cooler temperature (Fig. 2b, c). While this

means the thermal optimum is closer to the new

growth temperature, it does not necessarily lead to

increased Agrowth (compare Fig. 2b where Agrowth is

maintained constant between growth temperatures and

Fig. 2c where Ahigh and Agrowth are both reduced in the

warm-grown leaf). Some examples of this include N.

oleander, Eucalyptus pauciflora, E. incrassata, and E.

camadulensis (Ferrar et al. 1989), S. oleracea (Yamori

et al. 2005), Picea mariana (Way and Sage 2008a, b),

Cucumis sativus, Nicotiana tabacum, Oryza sativa, S.

cereale, S. lycopersicum, S. tuberosum, S. oleracea, T.

aestivum 9 Triticosecale, and V. faba (Yamori et al.

2010).

4) Aopt: The photosynthetic rate at Topt is increased, or at

least maintained, in leaves grown at the higher growth

temperature compared to a reference, cool-grown leaf

(Fig. 2a, b). Seen in species such as P. vulgaris

(Cowling and Sage 1998), Populus deltoides (Turnbull

et al. 2002), and Quercus rubra (Gunderson et al. 2010).

5) Photosynthetic capacity: Vcmax and/or Jmax measured

at 25 �C (or some other specified and constant

temperature) is altered by the new, higher growth

temperature (Fig. 2d). Seen in E. pauciflora,

E. incrassata, Eucalyptus camadulensis, Eucalyptus

miniata (Ferrar et al. 1989), Eucalpytus regnans

(Warren 2008), and Helianthemum nummularium

(Stirling et al. 1997).

Note that, numbers 1–4 are points measured on a tem-

perature response curve of photosynthesis (see Fig. 1),

while number 5 is a physiological mechanism for gener-

ating changes in the shape of a temperature response curve

of photosynthesis. Despite this difference, all of these are

variables frequently used by authors to describe photo-

synthetic thermal acclimation in the literature. Although

numbers 1–4 are generated by changes in underlying

physiological processes, our goal here is to suggest a

common framework for reporting experimental results, and

a detailed description of these processes is outside the

scope of this work, but can be found in our companion

paper (Yamori et al. 2013).

The forms of photosynthetic adjustment defined above

are based solely on characterization of physiological

response curves, rather than the specific conditions

experienced by the plants in their environment, but pho-

tosynthetic acclimation should be thought of as a process

that improves the performance of a plant. From an eco-

logical perspective, if thermal acclimation has occurred

(i.e., the photosynthetic performance of a plant at the new

growth temperature is enhanced compared to a control

plant from a lower growth temperature), there should be

both adjustments of both Topt (no. 3) and Agrowth (no. 2).

The Topt adjustment indicates an improvement in the

temperature response of A, while Agrowth adjustment is

required to prevent reduced photosynthetic performance

in the new thermal environment. This type of dual pho-

tosynthetic adjustment can be referred to as constructive

adjustment (as exemplified in Fig. 2b), and it is likely to

help a plant not only cope with a potentially stressful

increase in growth temperatures, but maintain or increase

its growth compared to the control environment (at least

with regard to carbon uptake). Constructive adjustment is

therefore consistent with the earlier definition of photo-

synthetic acclimation. In contrast, detractive adjustment

can be defined as thermal adjustment in at least one of the

photosynthetic variables discussed above, but where

Agrowth is reduced in the warm-grown plant compared to a

cool-grown, reference individual (see Fig. 2c for an

example). These types of adjustments are unlikely to

benefit the plant under the new, warmer environment,

though there may be benefits to the plant that are not

obvious when we focus only on photosynthetic traits (as

in the case of down-regulation of photosynthesis to ele-

vated CO2).

Fig. 1 Conceptual figure of thermal adjustments of CO2 assimilation

rates (A) to an increase in growth temperature, with arrows indicating

the degree of adjustment that has occurred in A at the high growth

temperature (Ahigh), A at the relative growth temperatures (Agrowth),

the thermal optimum for A (Topt) and A at Topt (Aopt). The solid line

indicates the control leaf grown at ambient, cooler temperatures,

dashed line represent the leaf grown at elevated temperatures; growth

temperatures are indicated by vertical lines (long dash for control,

short dash for elevated growth temperature) and circles demonstrate

performance at the growth temperature (black for control, white for

elevated growth temperature)
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Why do definitions matter?

Early studies highlighted the ability of plants to effectively

acclimate photosynthesis to changes in temperature and

improve their performance under new thermal conditions

(Berry and Bjorkman 1980), leading later researchers to

occasionally comment on the unusual nature of their results

when they did not find evidence for thermal acclimation of

photosynthesis (e.g., Eucalyptus regnans, in Warren 2008).

But recent work has tended to emphasize that thermal

acclimation of photosynthesis is often weak or nonexistent:

for example, there was no evidence for thermal adjustment

of photosynthetic capacity across a meta-analysis of data

from 36 species from various functional groups (Kattge and

Knorr 2007) or in a review of 22 different tree studies

(Way and Oren 2010). Is this apparent discrepancy real, or

might it be due to a difference in definitions regarding

photosynthetic thermal acclimation?

Of the examples shown in the review by Berry and

Bjorkman (1980) from controlled growth conditions,

increased growth temperatures increased Topt (no. 3) in all

six cases, but clearly reduced Ahigh (no. 1) in two cases,

lowered Agrowth (no. 2) in three species, and maintained or

increased Aopt (no. 4) in only two of six cases (Fig. 2 in

Berry and Bjorkman 1980). So, there was universal Topt

adjustment (no. 3), accompanied by Agrowth adjustment (no.

2) in only some cases, demonstrating both constructive and

detractive adjustment. While Berry and Bjorkman (1980)

explicitly made the point that not all species acclimate

photosynthesis equally well, and suggested that what we

term detractive adjustment may be more common in

species from cool to temperate environments, the work is

most frequently cited for its emphasis on effective accli-

mation of photosynthesis to changes in temperature.

Studies representing photosynthetic capacity adjust-

ments (no. 4) are not well represented in Berry and

Bjorkman (1980), although this is what many recent studies

report (e.g., Bauerle et al. 2007; Centritto et al. 2011;

Dillaway and Kruger 2010; Dwyer et al. 2007; Ferrar et al.

1989; Ghannoum et al. 2010; Ishikawa et al. 2007; Kosit-

sup et al. 2009; Lewis et al. 2004; Ow et al. 2008a, b;

Rilkonen et al. 2009; Shen et al. 2009; Silim et al. 2010;

Turnbull et al. 2002; Wang et al. 1996; Warren 2008; Way

and Sage 2008a, b; Yamori et al. 2006, 2008). Taken across

a wide range of species, basal rates of Vcmax and Jmax

(where ‘‘basal rates’’ indicate any physiological variable

measured at 25 �C) generally do not adjust to a change in

growth temperature (Kattge and Knorr 2007; Way and

Oren 2010). As discussed below, a lack of adjustment of

photosynthetic capacity can be entirely consistent with

thermal adjustment of Ahigh, Agrowth, Topt, and Aopt, and thus

the difference in variables being measured and reported

may itself underlie the differences in how prevalent

‘‘thermal acclimation of photosynthesis’’ is in the literature.

Despite the overall pattern discussed above, there is

evidence that plants grown at cooler temperatures often

increase their basal Vcmax and Jmax by increasing photo-

synthetic enzyme concentrations to compensate for the

lower operating temperature (Badger et al. 1982; Yamori

et al. 2005; Sage and Kubien 2007). Conversely, a lower

enzyme concentration could maintain the same rate of

turnover at a higher ambient leaf temperature, implying

Fig. 2 Conceptual figures of

how the temperature response

curves of a–c CO2 assimilation

and d the maximum

carboxylation capacity of

Rubisco (Vcmax) can adjust to an

increase in growth temperature.

Solid lines indicate the control

leaf grown at ambient, cooler

temperatures, dashed lines

represent the leaf grown at

elevated temperatures; growth

temperatures are indicated by

vertical lines (long dash for

control, short dash for elevated

growth temperature) and circles

demonstrate performance at the

growth temperature (black for

control, white for elevated

growth temperature)
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that basal Vcmax and Jmax could be decreased at elevated

growth temperatures if a constant photosynthetic capacity

was to be achieved across growth temperatures. This type

of potential adjustment to warming is shown in Fig. 3. If

basal Vcmax is reduced by 10 % in a leaf grown at 24 �C

compared to a control leaf grown at 18 �C (Fig. 3a, box),

Agrowth is unchanged (black and white symbols in Fig. 3b);

this allows maintenance of a constant Agrowth across dif-

ferent thermal regimes by lowering investment in Rubisco

content and therefore reducing Vcmax. This would be both

Agrowth adjustment (no. 2) and photosynthetic capacity

adjustment (no. 5). But if the temperature response of Vcmax

is unaltered by changes in growth temperature (i.e., the

activation energy of Vcmax is unaffected, as reported in

Kattge and Knorr 2007), then the lack of adjustment in

basal photosynthetic capacity seen in Kattge and Knorr

(2007) and Way and Oren (2010) should increase Agrowth in

leaves that develop at, and experience, higher ambient

temperatures, at least below an upper heat threshold. For

example, we can compare two leaves with the same basal

Vcmax and the same temperature response curve of Vcmax

(i.e., both on the same ‘‘Control’’ curve in Fig. 3a): if one is

grown at 18 �C and the other at 24 �C, the inherent

increase in Vcmax across that 6 �C gradient leads to an

increase in Agrowth in the warm-grown leaf (Fig. 3b, com-

pare black and grey symbols). Thus, while point mea-

surements of Agrowth would indicate better performance and

possible photosynthetic acclimation in the warm-grown

leaf, no adjustment of photosynthetic capacity has occur-

red. Instead, either reciprocal point measurements of A at

the two growth temperatures or a full temperature response

curve is required to see that no photosynthetic acclimation

has happened.

Are some forms of thermal adjustment more common

than others?

So, how prevalent are the five different types of thermal

adjustment of A? And do different plant functional types

show different patterns of A adjustment to increasing

temperatures? To investigate this, we compiled 70 studies

of 103 species where plants were grown at more than one

temperature and the response of at least one of the five

types of adjustment described above could be ascertained

(Table S1). We emphasized studies that grew plants for

months (or longer) at the varied growth temperatures; this

is important since pre-existing leaves have less capacity to

adjust or acclimate than leaves that develop at the new

growth temperature (Campbell et al. 2007), and we sought

to capture responses representative of future vegetation that

may develop at higher temperatures. We also focused on

studies that showed full temperature response curves of

photosynthesis to enable us to determine photosynthetic

adjustment of as many of our variables as possible.

The temperature response curve of photosynthesis is

dependent on the thermal environment of the species, such

that the optimal temperature for photosynthesis in a warm-

adapted species may severely inhibit photosynthesis in cold

climate specialists (e.g., Xiong et al. 2000). Extreme

warming treatments, or a mismatch between the treatments

and the ecological thermal niche of the species, may

therefore expose a species to irreversible heat damage.

However, the temperature treatments in our data set were

well-matched with the native temperature conditions of the

species being studied. Across the studies analyzed here,

the low temperature treatment averaged 17.8 ± 6.8 �C and

the elevated growth temperature averaged 28.9 ± 5.7 �C

Fig. 3 a Variation in the temperature response of the maximum

carboxylation capacity of Rubisco (Vcmax) and b the implications for

net CO2 assimilation rates. Solid lines indicate a control leaf; long

dashed lines show the effect of a 10 % reduction in basal Vcmax (Vcmax

measured at 25 �C, shown with box) from the control leaf; short

dashed lines represent leaves with the same basal Vcmax as the control

leaf, but a 33 % increased sensitivity of Vcmax to temperature. Using

an 18 �C-grown leaf (black symbols) as a reference, white symbols

show the effect of a 10 % decrease in basal Vcmax in a leaf grown at

24 �C, and the grey symbol indicates the increase in Anet for a leaf

grown at 24 �C if no adjustment in basal Vcmax or its temperature

response occurs with elevated growth temperature (see text for

details). Curves were generated with physiological constants and

temperature sensitivities taken from Campbell and Norman (1998),

except for basal Vcmax, which was set at 59 lmol m-2 s-1 for control

runs
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(mean ± SD), such that plants in the warming treatments

were exposed to moderate, but not extreme, high tempera-

tures. Only one study (on a desert perennial) had an elevated

growth temperature over 40 �C, and the five studies with

treatment temperatures of 40 �C focused on warm-adapted

species, such as Heliotropium spp., while the lowest cool

growth temperatures of 6–8 �C were used in studies of high

latitude and altitude plants, and cool weather crops.

The studies covered a diverse range of functional groups

(C3 crops, forbs and grasses, C4 species, deciduous trees,

and both broad-leaved and coniferous evergreen shrubs/

trees); due to the complexities of measuring CAM photo-

synthetic temperature response curves, CAM species are

not dealt with here (but see Yamori et al. 2013 for more

information on thermal acclimation in CAM plants). For

every species and growth temperature contrast, we noted

the change in daytime growth temperature and the degree

to which each of the five types of adjustment had occurred

by recording the change in A between the cool and warm-

grown individuals (for Ahigh, Agrowth, and Aopt), or the

change in the thermal optimum in �C (for Topt). Data were

taken from tables when available, but most data were taken

digitally from scanned graphs using Data Thief (version

1.5, datathief.org). For studies where more than two growth

temperatures were imposed, every individual comparison

was made (generating 263 temperature contrasts total);

when other experimental conditions were imposed (e.g.,

elevated CO2 concentrations, drought, or nutrient stress),

only the ambient CO2, well-watered or well-fertilized

plants were used. Species were broken into four broad

functional types (C3 herbaceous, C4, deciduous woody,

evergreen woody). Since Vcmax and Jmax were sometimes

measured at a common temperature (usually 25 �C to

assess basal rates) and sometimes at the growth tempera-

tures, adjustment of photosynthetic capacity is not as

simple to discuss as are the other categories, and thus will

be considered separately below.

While responses of A to short-term changes in leaf tem-

perature are dependent on environmental conditions, such as

the measurement and growth photosynthetic photon flux

densities (e.g., Pons 2012), light levels were consistent

within each study of our analysis, allowing us to focus on the

effect of temperature: over 90 % of the contrasts measured

temperature responses of light-saturated photosynthesis.

Reductions in stomatal conductance, often due to higher

VPD at higher temperatures, can also alter photosynthetic

temperature responses by lowering intercellular CO2 con-

centrations, but few studies provided sufficient stomatal

conductance data to evaluate the effect of this phenomenon.

Most combinations of the five adjustment possibilities

occur, as can be seen in the full data set in the Supple-

mentary Information (Table S1). Some species, such as

Plantago major (Atkin et al. 2006), do not show thermal

adjustment of any photosynthetic variable, while others

like P. deltoides (Turnbull et al. 2002) show every type of

thermal adjustment defined here. However, most species

show a mix of responses, with the overall trends summa-

rized in Table 1. Agrowth and Topt adjustment are more

common than Ahigh or Aopt adjustment across the data set,

each occurring in over two-thirds of the data, although only

51 % of the data shows constructive adjustment, with both

Topt and Agrowth adjusting to the new, higher growth tem-

perature. On a binary scale where adjustment either occurs

or does not (according to the definitions above), evergreen

trees show the least ability to constructively adjust to a

change in temperature (consistent with the findings of

Yamori et al. 2013), but relatively small sample sizes in the

C4, deciduous woody and evergreen woody functional

groups preclude more definitive statements (Table 1).

Across the dataset, plants that demonstrated any one of

Ahigh, Agrowth, or Aopt adjustment were more likely to show

other forms of thermal adjustment of photosynthesis as

well (p \ 0.0001; Table 2), creating a generalized syn-

drome of temperature adjustment or acclimation (described

in Yamori et al. 2010). However, there was no significant

relationship between adjustment of Topt and adjustment of

Ahigh, Agrowth, or Aopt (Table 2).

We then analyzed the degree of thermal adjustment for

each of Ahigh, Agrowth, Aopt, and Topt with a general linear

model, using functional type and the change in day tem-

perature as predictive features (JMP Pro version 10.0.0,

SAS Institute, Cary, NC, USA). Data were analyzed in two

ways: (1) as absolute changes in A [using only studies that

reported A on a leaf area basis (i.e., lmol m-2 s-1)] for

consistency in the units; and (2) in relative terms, where the

change in A was divided by the highest light-saturated A for

that species in that study, to account for differences

between species in maximum A and between studies in the

measurement units. When absolute values of A were used,

Ahigh, Agrowth, and Aopt adjustment appeared to respond

differently to changes in temperature between functional

groups (Table 3, upper rows); however, this was not seen

in the relativized data (Table 3, lower rows) and was

therefore due to differences in light-saturated A between

functional groups. Instead, there were no significant pat-

terns in the degree of Ahigh, Agrowth, or Aopt adjustment

based on the daytime temperature change imposed in the

studies when A was relativized. In contrast, Topt adjustment

increased with an increasing change in day temperature

(p \ 0.0001), and showed a significant difference between

functional types (p = 0.0025), although all functional

groups showed a similar increase in Topt as the change in

growth temperature increased. For more detailed responses

of changes in Topt, see Yamori et al. (2013).

While this analysis captures changes in photosynthetic

characteristics within a study, we used mostly data that was

94 Photosynth Res (2014) 119:89–100
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expressed on a leaf area basis, as this was the most com-

monly reported form of data. However, a change in growth

temperature generally also changes the specific leaf area

(SLA) of leaves that develop at the different temperatures:

cooler growth temperatures lead to thicker leaves, that

therefore can have much higher concentrations of nitrogen,

photosynthetic proteins and rates of A per unit leaf area

than the thinner leaves that develop at warmer temperatures

(e.g., Yamori et al. 2005; Campbell et al. 2007). This

temperature-based shift in leaf development can directly

lead to a reduction in leaf-area based rates of A in warm-

grown leaves that may not be found when the results

expressed on a leaf mass or leaf N basis. In other words,

differences in leaf morphology may cause an apparent lack

of photosynthetic acclimation on a leaf area basis. Without

SLA data to convert our values between area- and mass-

based photosynthetic rates (or leaf nitrogen concentrations

for an N-based comparison), we cannot assess the extent to

which changes in leaf morphology might affect our results.

But eight studies on nine species in our data set did express

their photosynthetic results on a leaf mass basis (generating

18 temperature contrasts where variables other than Topt

were assessed), and we can use this subset of data to

determine whether mass-based photosynthesis appears to

generate a greater degree of photosynthetic adjustment than

area-based measures. In total, 55 % of the mass-based

contrasts (10/18) showed constructive adjustment, while

72 % had Ahigh adjustment, 66 % Agrowth adjustment and

77 % Aopt adjustment. Given the small size of the data set,

we cannot conclude anything definitively, but these pat-

terns are similar to the overall patterns seen in Table 1 for

all measurement units, implying that the degree to which

leaf morphology changes in response to growth tempera-

ture may not fully offset the trends in photosynthetic

adjustment reported here.

Adjustment of photosynthetic capacity

The responses of photosynthetic capacity adjustment (no.

5) are more varied than those of the other four types of

photosynthetic adjustment. For simplicity, we will use

Vcmax to represent possible responses of both Vcmax and

Jmax. As mentioned above, adjustment of photosynthetic

capacity would involve a change in Vcmax measured at

25 �C (basal Vcmax) in leaves grown at elevated tempera-

ture compared to those grown at the control conditions. In

Table 1 The percent of data contrasts from Table S1 that show four types of photosynthetic thermal adjustment (Ahigh, Agrowth, Aopt and Topt,

described in text) and constructive adjustment (Aconstructive, joint Agrowth and Topt acclimation); parentheses indicate number of contrasts

Ahigh Agrowth Topt Aopt Aconstructive

All 59 % (90/150) 68 % (115/169) 72 % (163/227) 62 % (118/191) 51 % (76/150)

C3 herb 60 % (56/94) 68 % (70/103) 75 % (78/104) 55 % (56/101) 53 % (51/97)

C4 78 % (14/18) 94 % (17/18) 47 % (9/19) 74 % (14/19) 50 % (9/18)

Deciduous tree 78 % (7/9) 92 % (12/13) 95 % (21/22) 73 % (16/22) 86 % (6/7)

Evergreen tree 45 % (13/29) 46 % (16/35) 67 % (55/82) 65 % (32/49) 36 % (10/28)

Data are broken into categories of plant functional type

Table 2 Co-occurrence of four different types of photosynthetic

thermal adjustment (Ahigh, Agrowth, Topt and Aopt, as defined in the

text), shown as correlation coefficients (r2)

Agrowth Topt Aopt

Ahigh 0.177 0.014 0.380

Agrowth – 0.001 0.207

Topt – – 0.001

Significant p values (bold, all p \ 0.001) show where thermal

adjustment of one variable co-occurs with thermal adjustment of other

variables, forming syndromes of photosynthetic temperature

adjustment

Table 3 Model fits (correlation coefficients, r2) and p values for

general linear models of thermal adjustment of photosynthesis (A) for

Ahigh, Agrowth, Topt, and Aopt (defined in the text)

Ahigh Agrowth Topt Aopt

Absolute values of A

Model r2 0.17 0.49 0.28 0.12

Functional type 0.030 <0.0001 0.0025 0.0093

Temperature difference 0.52 0.29 <0.0001 0.36

Functional

type 9 temperature

difference

0.028 0.048 0.65 0.23

Relative values of A

Model r2 0.07 0.04 0.08

Functional type 0.44 0.14 0.037

Temperature difference 0.28 0.43 0.68

Functional

type 9 temperature

difference

0.26 0.70 0.24

Results for analyses performed with absolute changes in A (upper

rows) and with A relativized to light-saturated rates of A for each

species (lower rows); Topt adjustment was unaffected by the method

of evaluating A and is shown only once. Significant values in bold
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the data, 16 contrasts (41 %) show an increase in basal

Vcmax (or the initial slope of the photosynthetic CO2

response curve, used as a proxy for Vcmax) and 21 contrasts

(54 %) show a decrease in basal Vcmax (2 contrasts show no

change). Either of these can indicate adjustment: if basal

rates differ, there is an inherent difference in the photo-

synthetic capacity of the leaves grown at different tem-

peratures. However, with half of the data showing higher

basal Vcmax and half showing lower basal Vcmax in warm-

grown leaves, there is no clear preferred direction of

photosynthetic capacity adjustment, consistent with Kattge

and Knorr (2007). Patterns of Vcmax measured at growth

temperature are much clearer: 26 contrasts (76 %) showed

an increased Vcmax in warm-grown leaves, while only 7

contrasts (21 %) had a lower Vcmax in leaves grown at

higher temperatures in comparison with cool-grown leaves.

This higher Vcmax in warm-grown leaves measured at their

growth temperature does not, however, necessarily indicate

any adjustment of photosynthetic capacity, since this pat-

tern is expected given the inherently exponential increase

of Vcmax in response to increasing measurement tempera-

ture (see Fig. 2d).

What about cases where basal Vcmax does not differ

between the growth temperatures (as occurs in two con-

trasts in Table 1)? While this may indicate that photosyn-

thetic capacity is unaffected by growth temperature, it

cannot be used as definitive evidence for a lack of adjust-

ment of photosynthetic capacity to temperature. While

there is no overall pattern in how the activation energy of

Vcmax varies with growth temperature (Kattge and Knorr

2007), many studies have shown that thermal acclimation

can alter the response of Vcmax to measurement temperature

(Bauerle et al. 2007; Dillaway and Kruger 2010; Dwyer

et al. 2007; Ferrar et al. 1989; Ghannoum et al. 2010;

Hikosaka et al. 1999; Ishikawa et al. 2007; Kositsup et al.

2009; Shen et al. 2009; Silim et al. 2010; Wang et al. 1996;

Warren 2008; Way and Sage 2008b; Yamori et al. 2005,

2006, 2008, 2010). Figure 3 shows the effect of main-

taining the same basal Vcmax as a control leaf (with basal

Vcmax shown in the box in Fig. 3a), but increasing the

sensitivity of Vcmax to temperature in a warm-acclimated

leaf (compare the solid and short dashed lines in Fig. 3a).

Measurements of basal Vcmax would show no adjustment

between the two growth temperatures; however, the warm-

grown leaf with greater Vcmax thermal sensitivity has a

higher Topt and higher Agrowth than the control leaf above

25 �C when Anet responses to temperature are characterized

(compare solid and short dashed lines in Fig. 3b). Thus, the

exact same plant could be measured by two researchers,

and if one was characterizing photosynthetic capacity

adjustment (no. 5), they would conclude that there was no

thermal acclimation based on basal Vcmax, while a second

researcher who measured the temperature response of Anet

would find significant, constructive adjustment and thermal

acclimation based on Agrowth and Topt adjustment, provided

the elevated growth temperature was above 25 �C.

The importance of Anet versus Agross

Although photosynthetic acclimation to temperature should

by definition deal with photosynthesis, and thus only

encompass gross photosynthetic carbon assimilation, studies

almost always measure and report Anet. In Table S1, only

four out of 70 papers presented temperature response curves

of gross CO2 assimilation rates (Agross), truly representing

responses of A, instead of Anet. In all other cases, a change in

the light respiration rate (Rlight, or non-photorespiratory

mitochondrial CO2 release in the light) will influence our

perceived shift in A, since Agross = Anet ? Rlight. Because

Rlight is more difficult to measure than dark respiration

(Rdark), requiring either photosynthetic light response curve

data at low photosynthetic photon flux densities (PPFD) (the

Kok method; Kok 1948) or photosynthetic CO2 response

curves made at multiple light intensities (the Laisk method

(Laisk 1977), there are few measurements of how tempera-

ture affects Rlight (but see Atkin et al. 2006; Way and Sage

2008b; Zaragoza-Castells et al. 2007; Scafaro et al. 2012).

Since the two respiration rates are usually correlated (Atkin

et al. 2006; Ayub et al. 2011; Fares et al. 2011), many studies

that focus on photosynthetic responses to temperature that

also account for thermal acclimation of respiration use

approximately half of Rdark as a proxy for Rlight (e.g., Atkin

et al. 2007; Dwyer et al. 2007; Mawson et al. 1986). Both

Rlight and Rdark increase with increasing leaf temperature,

with Rdark generally increasing exponentially with a linear

rise in leaf temperature (Fig. 4a), and thus both respiration

rates show a very different thermal response than Agross.

Because of the use of both Rlight and Rdark to calculate Agross,

this paper will discuss the two respiration rates under the

broader term R (for respiration), except where a separation of

terms is required for clarity.

In almost all cases, R acclimates more strongly to a

change in growth temperature than does A (Campbell et al.

2007; Ow et al. 2008a, b, 2010; Way and Oren 2010; Way

and Sage 2008a, b), although some studies have not found

significant acclimation of leaf R to variation in growth

temperature (Bronson and Gower 2010; Wertin et al.

2010). What are the implications of thermal acclimation of

R for photosynthetic thermal acclimation? Figure 4 shows

a modeled scenario where photosynthetic characteristics

(such as basal Vcmax and its temperature response) are

unchanged between growth temperatures of 25 �C (control

plant) and 35 �C (warm-acclimated plant); the only dif-

ference in the curves is that while the response of R to

temperature remains unchanged, the basal rate of R at
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25 �C is halved in the warm-grown leaf. The acclimation

of basal R allows R measured at the growth temperatures to

remain similar between the plants (Fig. 4a), a not uncom-

mon finding (e.g., Ow et al. 2008a, b; Way and Sage

2008b). However, the leaf grown at higher temperatures

also shows Ahigh, Agrowth, Topt, and Aopt adjustments of Anet,

despite there being absolutely no acclimation of A itself

(Fig. 4b). Separate measurements of R and its response to

temperature are therefore critical in studies of thermal

acclimation of A when: (1) thermal acclimation of R is

significant or; (2) when rates of R are relatively high

compared to rates of A, such that small changes in R will

affect Anet. While many studies assume the latter is true in

their system, this should be verified.

When only Rdark is measured, can Rlight be calculated?

While Rlight is usually lower than Rdark, with Rlight ranging

from 16 to 77 % of Rdark (Hurry et al. 2005), recent work at

a single temperature showed that Rdark could explain

about half of the variation in Rlight, with a slope of 0.7

(i.e., Rlight/Rdark was *0.7) (Ayub et al. 2011). We took

data from papers where both the short-term temperature

response of Rlight/Rdark could be estimated, as well as the

long-term, acclimated ratio of Rlight/Rdark (measured at

different growth temperatures). While Rlight/Rdark is near

0.5 at 20 �C in these studies, it is often far from that ratio at

other temperatures (Fig. 5). The short-term response of

Rlight/Rdark to increasing leaf temperature varies dramati-

cally across the few species for which we found data,

including a decrease in the herbaceous C3 species (three

Plantago species, Atkin et al. 2006), a peaked response in

an evergreen broad-leaved tree (Quercus ilex, Zaragoza-

Castells et al. 2007), and a saturating increase in an ever-

green conifer (P. mariana, Way and Sage 2008b) (Fig. 5).

As well, these studies used different techniques for esti-

mating Rlight, with the Kok method used in Way and Sage

(2008b), and the Laisk method used in the other two

studies. Even within a single species grown at a single

temperature, the irradiance used in estimating Rlight with

the Laisk method can alter the response of Rlight/Rdark to

rising temperature, switching from a positive correlation in

Rlight/Rdark with temperature at low irradiance, to a

decrease in Rlight/Rdark with warming at high irradiance

(Atkin et al. 2000). Measurements of the temperature

response of both Rlight and Rdark from the same plants are

rare, and more data are clearly needed, especially for plants

grown at different thermal regimes, before we can make

generalizations of the relationship between Rlight and Rdark

under future climate scenarios.

What should we measure?

If the main goal of our research is to determine how leaf

level carbon fluxes respond to warming, measuring thermal

adjustments of Anet may be sufficient. But for many

experiments, the goal is instead to determine mechanisms

underlying how plants acclimate carbon balance to a

change in temperature. In this scenario, separate measure-

ments of Anet and Rlight are required to calculate and

characterize Agross. In either case, measurements of CO2

fluxes should be made on more than one basis (leaf area,

leaf mass, leaf nitrogen, chlorophyll concentration), as the

preponderance of leaf area-based measurements precludes

us from determining the importance of leaf morphology in

broad patterns of photosynthetic responses to growth

temperature.

As well, we would advocate using clearer definitions

when discussing thermal acclimation of photosynthesis, to

indicate the variables being measured and their responses

to a change in thermal regime. When possible, measure-

ments of both the thermal optimum of photosynthesis (Topt)

and photosynthesis at the growth temperature (Agrowth)

Fig. 4 The effects of a thermal acclimation of respiration to elevated

temperature on b the thermal response of net CO2 assimilation rates.

The control leaf (grown at 25 �C) is indicated by solid lines; dashed

lines represent a leaf grown at elevated temperatures of 35 �C with a

50 % reduction in dark respiration. Growth temperatures are indicated

by vertical lines (long dash for control, short dash for elevated growth

temperature) and circles demonstrate performance at the growth

temperature (black for control, white for elevated growth tempera-

ture). Curves were generated with physiological constants and

temperature sensitivities taken from Campbell and Norman (1998),

except for basal Vcmax, which was set at 59 lmol m-2 s-1 for control

runs
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should be assessed, allowing us to determine whether

constructive thermal adjustment has occurred in response

to the new temperature environment.

Lastly, we need to move beyond measuring only the

phenomenological responses of photosynthesis to growth

temperature, and study the underlying mechanisms that

control thermal acclimation of photosynthesis and the

adjustments we measure in photosynthetic variables. For

example, changes in Vcmax with growth temperature, or in

the thermal responses of Vcmax (as represented by its acti-

vation energy), have been reported in numerous species

(Bauerle et al. 2007; Dillaway and Kruger 2010; Dwyer

et al. 2007; Ferrar et al. 1989; Ghannoum et al. 2010;

Hikosaka et al. 1999; Ishikawa et al. 2007; Kositsup et al.

2009; Shen et al. 2009; Silim et al. 2010; Wang et al. 1996;

Warren 2008; Way and Sage 2008b; Yamori et al. 2005,

2006, 2008). However, we have very little understanding of

what generates these changes in Vcmax or its thermal

properties: Rubisco is a highly conserved enzyme (Whit-

ney et al. 2011a) and the enzymological changes under-

pinning thermal acclimation responses in various species

are largely unstudied. Thus, while variation in the Rubisco

enzyme and its Vcmax across species and evolutionary time

has been addressed (e.g., Whitney et al. 2011a, b), there is

still controversy regarding whether Rubisco function can

acclimate to changes in growth temperature. Our ability to

truly predict how photosynthesis will respond to warmer

temperatures increasingly depends on our developing a

deeper and more mechanistic understanding of the bio-

chemical, enzymological and regulatory responses under-

pinning the measurements we make at the leaf-level, which

should set a goal for research into photosynthetic accli-

mation in coming years.
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