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18 Abstract

19 Solar-Induced chlorophyll Fluorescence (SIF) has been used to infer photosynthetic capacity 

20 parameters (e.g., the maximum carboxylation rate Vcmax, and the maximum electron transport rate 

21 Jmax). However, the precise mechanism and practical utility of such approach under dynamic 

22 environments remain unclear. We used the balance between the light and carbon reactions to derive 

23 theoretical equations relating chlorophyll a fluorescence (ChlF) emission and photosynthetic 

24 capacity parameters, and formulated testable hypotheses regarding the dynamic relationships 

25 between the true total ChlF emitted from PSII (SIFPSII) and Vcmax and Jmax. We employed 

26 concurrent measurements of gas exchanges and ChlF parameters for 15 species from six biomes 

27 to test the formulated hypotheses across species, temperatures, and limitation state of 

28 carboxylation. Our results revealed that SIFPSII alone is incapable of informing the variations in 

29 Vcmax and Jmax across species, even when SIFPSII is determined under the same environmental 

30 conditions. In contrast, the product of SIFPSII and the fraction of open PSII reactions qL, which 

31 indicates the redox state of PSII, is a strong predictor of both Vcmax and Jmax, although their precise 

32 relationships vary somewhat with environmental conditions. Our findings suggest the redox state 

33 of PSII strongly influences the relationship between SIFPSII and Vcmax and Jmax.

34 Key words: Limitation state of carboxylation; photosynthetic capacity; redox state of PSII 

35 reaction centers; Solar-Induced chlorophyll Fluorescence (SIF) 

36 Summary Statement: Our theoretical and measurement results revealed that the fraction of open 

37 PSII reaction centers qL, which indicates the redox state of PSII plays an important role when 

38 chlorophyll a fluorescence is used to infer Vcmax25 and Jmax25. The limitation state of carboxylation 
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39 must be considered if observed chlorophyll a fluorescence is utilized to infer Vcmax25 (or Jmax25) 

40 under dynamic environmental conditions.

41
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42 Introduction

43 Photosynthetic capacity, characterized by the maximum carboxylation rate (Vcmax) of RuBisCO 

44 and the maximum electron transport rate (Jmax), is prime leaf trait that determine the maximum 

45 photosynthetic rate and its response to environmental changes (Wullschleger, 1993; Walker et al., 

46 2014; Wright et al., 2004). Vcmax is determined by the amount and kinetics of the active RuBisCO 

47 enzyme (ribulose 1,5‐bisphosphate carboxylase/oxygenase), the key enzyme for CO2 fixation 

48 during carbon reactions (Cooper, 2000; Yoshikawa, 2013; Detto & Xu, 2020). Under high light 

49 conditions, photosynthetic carboxylation is often RuBisCO limited at the current CO2 level. Jmax 

50 is a key determinant of the potential electron transport rate (Jp), which becomes the actual electron 

51 transport rate (Ja) when photosynthetic carboxylation is limited by the Ribulose 1,5‐bisphosphate 

52 (RuBP) regeneration (Gu et al., 2019), often under low light conditions at the current CO2. Timely 

53 and accurate estimation of these photosynthetic capacity parameters is of vital importance for 

54 reliable prediction of large-scale carbon cycle dynamics and feedbacks to climate change using 

55 terrestrial biosphere models (TBMs) (Walker et al., 2014; Rogers et al., 2017) and for field-scale 

56 high-throughput crop phenotyping (Meacham-Hensold et al., 2019; Fu et al., 2021). From the 

57 perspective of carbon cycle modeling, TBMs (usually coupled with the Intergovernmental Panel 

58 on Climate Change IPCC global climate models) have almost exclusively adopted the Farquhar–

59 von Caemmerer–Berry (FvCB) biochemical model (Farquhar et al., 1980; von Caemmerer & 

60 Farquhar, 1981; von Caemmerer, 2020; Sharkey, 1985), which requires Vcmax and Jmax as key 

61 parameters for photosynthesis calculation. Uncertainties in these parameters constitute the major 

62 sources of prediction error in the simulated photosynthesis (Bonan et al., 2011; Walker et al., 2014, 

63 2020; Rogers et al., 2017). Their uncertainties come primarily from their huge variability within 

64 and across biomes and dependencies on leaf nitrogen/phosphorus, chlorophyll content, age, and 

https://paperpile.com/c/YUKhDj/ha5d+qIcD+7gm9+JJYX
https://paperpile.com/c/YUKhDj/ha5d+qIcD+7gm9+JJYX
https://paperpile.com/c/YUKhDj/xJWP+b0th+IkYx
https://paperpile.com/c/YUKhDj/xJWP+b0th+IkYx
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65 environmental conditions (Field & Mooney, 1986; Xu & Baldocchi, 2013; Monsoon & Baldocchi, 

66 2014; Walker et al., 2014; Croft et al., 2017; Detto & Xu, 2020; Kattge et al., 2020). From the 

67 plant breeding perspective towards improving crop yields, increasing the carboxylation capacity 

68 of RuBisCO and optimizing electron transport chain are considered as promising genetic 

69 modification targets (South et al., 2019; Simkin et al., 2015, 2019; Bailey-Serres et al., 2019). 

70 Rapid high-throughput screening of Vcmax and Jmax at the field scale will greatly accelerate the 

71 efficiency of selecting crop cultivars with enhanced photosynthesis (Fu et al., 2019, 2021). 

72 Remote sensing observations, from satellite, airborne, to ground platforms, have been 

73 employed to infer these photosynthetic capacity parameters, with spatially and/or temporally 

74 resolved details (Croft et al., 2017; Zhang et al., 2014; Serbin et al., 2015; Camino et al., 2019; 

75 Meacham-Hensold et al., 2019; Fu et al., 2019, 2021; Yendrek et al., 2017). Such approaches are 

76 advantageous over the traditional labor-intensive (though considered as the ground truth) leaf gas 

77 exchange measurements (Zhang et al., 2014; Fu et al., 2021). Majority of these remote sensing 

78 efforts have been focusing on utilizing multi- or hyper-spectral reflectance from visible, near 

79 infrared, to shortwave infrared bands. Recently, Solar-Induced chlorophyll Fluorescence (SIF) 

80 emerges as a promising remote sensing tool to infer Vcmax and/or Jmax (Zhang et al., 2014; Camino 

81 et al., 2019; Fu et al., 2021). Such promise is driven by the combination of 1) the theoretical 

82 grounds established since 1980s that chlorophyll a fluorescence (ChlF) is functionally linked to 

83 electron transport for photosynthetic activities at the molecular level (Genty et al., 1989; 

84 Papageorgiou & Govindjee, 2004) and 2) the rapidly growing observing capability from satellite, 

85 airborne, to ground platforms (Frankenberg et al., 2011; Joiner et al., 2013; Guanter et al., 2012; 

86 Mohammed et al., 2019). However, mixed results have been obtained so far with respect to the 

87 relationships between SIF (or quantum yield of SIF) and Vcmax (or Jmax). For example, Zhang et al. 
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88 (2014, 2018) and Camino et al. (2019) reported positive SIF-Vcmax relationships using ensemble 

89 simulations of SCOPE (Soil Canopy Observation Photosynthesis Energy, van der Tol et al., 2009, 

90 2014). In contrast, Vilfan et al. (2019) demonstrated that SIF cannot track the variability of Vcmax 

91 across leaves by combining leaf reflectance and transmittance in SCOPE although the magnitude 

92 of Vcmax can be estimated with this approach. Fu et al. (2021) reported negative relationships 

93 between Jmax (and Vcmax) and the quantum yield of SIF (𝛷𝑆𝐼𝐹) across a variety of tobacco cultivars. 

94 Also, Koffi et al. (2015) showed weak sensitivity of SIF to Vcmax even under high light conditions 

95 (usually when carboxylation is RuBisCO limited). These conflicting findings in previous reports 

96 have yet to be reconciled.

97 Conceptually, there is a fundamental mismatch in directly relating Vcmax and Jmax to SIF. 

98 The standardized Vcmax and Jmax (i.e., Vcmax25 and Jmax25 at the reference temperature of 25 oC with 

99 no stress) characterize the intrinsic photosynthetic capacity of the carbon and light reactions, 

100 respectively. They are supposed to be parameters that do not depend on instantaneous changes in 

101 light levels although changes at longer time scales are possible. To the contrary, SIF can only be 

102 emitted during the light reactions and vary rapidly with the fluctuating lights in natural 

103 environment. Thus, for any SIF - Vcmax (or Jmax) relationship to be meaningful, some sort of 

104 standardization (i.e., stratification to certain biotic or/and abiotic conditions) must be done for SIF. 

105 So far, no studies have examined the best way to standardize SIF for Vcmax/Jmax characterization or 

106 how SIF - Vcmax (or Jmax) relationships may change under varying light intensities. Further, even 

107 with the SIF standardized in one way or the other, it is not immediately clear whether the 

108 standardized SIF - Vcmax (or Jmax) relationships should be sufficiently invariant to possess at least 

109 some predictive power.
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110 This study aims to 1) understand the cause of the discrepancies among existing studies and 

111 to 2) develop a mechanistic solution for using SIF observations to infer photosynthetic capacity 

112 parameters across species in dynamic environments. We ground our study on the firmly 

113 established knowledges of the light and carbon reactions and the balance between the supply and 

114 demand of ATP and NADPH. Specifically, we first sought to establish the theoretical basis that 

115 links the true total ChlF emitted from PSII (denoted as SIFPSII) and photosynthetic capacity 

116 parameters by balancing the actual electron transport rate Ja derived by a mechanistic light reaction 

117 model (MLR-SIF, Gu et al., 2019) and that derived by the Farquhar-von Caemmerer-Berry (FvCB) 

118 biochemical model (Farquhar et al., 1980). SIFPSII refers to the ChlF prior to signal attenuation due 

119 to leaf scattering/reabsorption, which in principle should be utilized to establish the mechanistic 

120 relationship with photosynthetic capacity parameters. Our rationale is that the foundation of 

121 remotely sensed SIF (i.e., at-sensor SIF) for estimating photosynthetic capacity parameters can 

122 only be established once a solid theoretical understanding of fundamental mechanisms that govern 

123 the relationships between SIFPSII and photosynthetic capacity parameters is built. We then used the 

124 established theoretical basis to formulate testable hypotheses regarding the SIFPSII - Vcmax (Jmax) 

125 relationships across species in dynamic environments. Finally, we utilized concurrent 

126 measurements of leaf-level gas exchanges and ChlF parameters of 15 species from six major plant 

127 functional types (PFTs) of the globe to test the theoretically formulated hypotheses. Once these 

128 steps were completed, we sought to answer the following questions:

129 - Are there unique, predictive SIFPSII – Vcmax / Jmax relationships across species and 

130 environmental conditions?

131 - If not, what factors affect SIFPSII – Vcmax / Jmax relationships?

132 - How can SIFPSII be used to infer Vcmax and Jmax across species in dynamic environments?
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133 Materials and Methods

134 Theoretical relationships of Vcmax and Jmax with SIFPSII based on the balance between the 

135 light and carbon reactions

136 Plants have evolved sophisticated mechanisms to ensure that the supply of ATP and NADPH at 

137 the end of light reactions balances their demand in the carbon reactions (Rochaix, 2011; Joliot, 

138 2011; Kramer & Evans, 2011). This forms the theoretical basis of our derivation of the mechanistic 

139 relationships of Vcmax and Jmax with SIFPSII under varying environmental conditions via the actual 

140 electron transport rate Ja. From the perspective of light reactions, we used the mechanistic light 

141 reaction model (MLR-SIF) developed by Gu et al. (2019) for calculating Ja with SIFPSII together 

142 with the fraction of open PSII reactions (qL) as input (eqn 1). 

143 𝐽𝑎 =
𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥•(1 + 𝑘𝐷𝐹)

1 ― 𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥
× 𝑞𝐿 × 𝑆𝐼𝐹𝑃𝑆𝐼𝐼                   (eqn 1)

144 where 𝑞𝐿 denotes the fraction of open PSII reactions under the assumption of lake model for 

145 photosynthetic unit connectivity, and ΦPSIImax the maximum photochemical yield of the dark-

146 adapted leaves. KDF = kD/kF, with kD and kF representing the rate constants of constitutive thermal 

147 dissipation and fluorescence, respectively. At the present, there are uncertainties regarding the 

148 value of kD and kF and therefore kDF. 

149 The MLR-SIF model consists of a set of fundamental equations derived from first 

150 principles that govern the fate of absorbed photons and relationships among different de-excitation 

151 pathways. At their core, these light reaction equations embody the law of conservation of energy 

152 in photosystems and are thus universal. Their exact formulation, however, depends on the 
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153 connectivity of photosynthetic units, which consist of coupled reaction centers and antenna 

154 pigments. Here we used the lake model (Kramer et al., 2004), which assumes that reaction centers 

155 are embedded in a network (lake) of antenna pigments such that all photosynthetic units are 

156 interconnected and freely share excitations. Such assumption is considered to be highly accurate 

157 for higher plants. Detailed derivation of eqn 1 can be found in Gu et al. (2019).

158 From the perspective of carbon reactions, we used the classical FvCB model to link 𝐽𝑎 with 

159 gross photosynthetic rate Ag in C3 plant species (Farquhar et al., 1980): 

160 𝐽𝑎 =  𝐴𝑔 ×
4𝐶𝑖 + 8Г∗ 

𝐶𝑖 ― Г∗                                          

161 (eqn 2)

162 Note this equation holds regardless of carboxylation limitation state because Ja is the actual, rather 

163 than potential, electron transport rate. Ag (calculated with eqn 3) is essentially the sum of net 

164 photosynthetic rate and day respiration. Eqn 2 assumes NADPH supply is limiting. If ATP is 

165 limiting, the factor 8 on the right-hand side of eqn 2 should be replaced by the factor 9.33 (Yin et 

166 al., 2021). Here we did not include TPU-limited carboxylation, as this paper only concerns Vcmax 

167 and Jmax. 

168 𝐴𝑔 = min {𝐴𝑐, 𝐴𝑗} (eqn 3a)

169 𝐴𝑐 =
𝑉𝑐𝑚𝑎𝑥•(𝐶𝑖 ― Г∗)

𝐶𝑖 + 𝐾𝑐𝑜 (eqn 3b)

170 𝐴𝑗 =
𝐽𝑝

4 ×
𝐶𝑖 ― Г∗

𝐶𝑖 + 2Г∗ (eqn 3c)
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171 𝐽𝑝 = σ•𝑃𝐴𝑅 + 𝐽𝑚𝑎𝑥 ― (σ•𝑃𝐴𝑅 + 𝐽𝑚𝑎𝑥)2 ― 4𝜃•σ•𝑃𝐴𝑅•𝐽𝑚𝑎𝑥 

2𝜃         

172 (eqn 3d)

173 Here Г∗ and 𝐶𝑖 denote the CO2 compensation point in the absence of mitochondrial respiration and 

174 intercellular CO2 concentration, respectively. Kco is a composite parameter for Michaelis-Menten 

175 constants for RuBP carboxylation and oxygenation. θ is an empirical curvature parameter and was 

176 fixed at 0.9 (Medlyn et al., 2002). σ is the product of ΦPSIImax, leaf light absorptance and fraction 

177 of absorbed photons allocated to PSII. σ was set to 0.3 (Long et al., 1993). The values of θ and σ 

178 have only a slight effect on the estimated value of Jmax (Medlyn et al., 2002). Jp is the potential 

179 electron transport rate which equals Ja, only under the RuBP regeneration limited carboxylation.

180 Next, by equating the light reaction-based (MLR-SIF, eqn 1) and carbon reaction-based 𝐽𝑎 

181 (FvCB, eqn 2-3), we can derive explicit relationships between SIFPSII and Vcmax (and Jmax) (details 

182 in Notes S1). Specifically, under the Rubisco-limited state, we set 𝐴𝑔 = 𝐴𝑐; then combining eqn 2 

183 and 3b leads to:

184
𝑉𝑐𝑚𝑎𝑥•(𝐶𝑖 ― Г∗)

𝐶𝑖 + 𝐾𝑐𝑜 =
(𝐶𝑖 ― Г∗)
4𝐶𝑖 + 8Г∗ × 𝐽𝑎                                                                                                      (eqn 

185 4)

186 Inserting eqn 1 to eqn 4 results in:

187 𝑉𝑐𝑚𝑎𝑥 =
𝐶𝑖 + 𝐾𝑐𝑜

(4𝐶𝑖 + 8Г∗) ×
𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥

1 ― 𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥
× (1 + 𝑘𝐷𝐹) × 𝑞𝐿 × 𝑆𝐼𝐹𝑃𝑆𝐼𝐼.                    (eqn 5)                         

188 Under the RuBP regeneration limited state, the potential electron transport rate becomes the actual 

189 rate, i.e., 𝐽𝑝 = 𝐽𝑎, then equating eqn 1 and eqn 3d leads to
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190 𝐽𝑚𝑎𝑥 =
𝜃•

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

×
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
× (1 + 𝑘𝐷𝐹) × 𝑞𝐿 × 𝑆𝐼𝐹𝑃𝑆𝐼𝐼        (eqn 6)

191 To obtain Vcmax25 and Jmax25, i.e., Vcmax and Jmax values at the 25 oC reference temperature, 

192 we invoked the temperature response function fv(T) and fJ(T) respectively (eqn 7a, 7b). We adopted 

193 Arrhenius function (Arrhenius, 1915) for fv(T) and the peaked function (Johnson et al., 1942) for  

194 fJ(T) according to Medlyn et al. (2002). 

195 𝑉𝑐𝑚𝑎𝑥 = 𝑉𝑐𝑚𝑎𝑥25𝑓𝑉(𝑇)                                                                                                     (eqn 7a)

196 𝐽𝑚𝑎𝑥 = 𝐽𝑚𝑎𝑥25𝑓𝐽(𝑇)                                                                                                           (eqn 7b)

197 where T represents the leaf temperature.

198 This leads to:

199 𝑉𝑐𝑚𝑎𝑥25 =
1

𝑓𝑉(𝑇) ×
𝐶𝑖 + 𝐾𝑐𝑜

(4𝐶𝑖 + 8Г∗) ×
𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥

1 ― 𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥
× (1 + 𝑘𝐷𝐹) × 𝑞𝐿 × 𝑆𝐼𝐹𝑃𝑆𝐼𝐼 Rubisco-limited (eqn 8)                         

200 𝐽𝑚𝑎𝑥25 =
1

𝑓𝐽(𝑇) ×
𝜃•

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

×
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
× (1 + 𝑘𝐷𝐹) × 𝑞𝐿 × 𝑆𝐼𝐹𝑃𝑆𝐼𝐼  

201                                                                                                   RuBP regeneration-limited  (eqn 9)

202 Eqn 5-6 and 8-9 lay the foundation for interpreting and modeling the dynamic relationship between 

203 SIFPSII and photosynthetic capacity parameters under changing environmental conditions. Note 

204 that under Rubisco-limited state, only the functional relationship of Vcmax with SIFPSII was derived; 

205 but a similar relationship is expected for Jmax with SIFPSII, as it has been well established that Vcmax 

206 and Jmax are highly correlated across a broad range of plant biomes (Wullschleger, 1993; Walker 

207 et al., 2014). The same argument holds true for Vcmax and Jmax under the RuBP regeneration limited 
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208 state. Also, we did not consider the TPU-limited carboxylation state here, as this study focuses on 

209 Vcmax and Jmax only; but the relationship between TPU and SIFPSII can be similarly derived 

210 following the same procedure above. 

211 From eqn 5 (and 8), it is immediately clear that, under Rubisco-limitation state, the 

212 relationship of SIFPSII with Vcmax (and by extension with Jmax) depends on environmental conditions, 

213 because qL, 𝐶i, Kco, and Г∗ all vary with environmental conditions (i.e., PAR and/or temperature). 

214 Under RuBP regeneration limitation stage in eqn 6 (and 9), the relationship of SIFPSII with Jmax 

215 (and also by extension with Vcmax) depends on qL and PAR, which are highly dynamic with 

216 environmental changes. Therefore, we hypothesize the following:

217 - Hypothesis I: There is no unique relationship between Vcmax25 (and Jmax25) and SIFPSII. 

218 - Hypothesis II: Vcmax25 and Jmax25 are positively correlated with the product of qL and 

219 SIFPSII, i.e., SIFPSII×qL (measured at the same environmental conditions).

220 When Rubisco limits carboxylation (eqn 8), 1
𝑓𝑉(𝑇) ×

𝐶𝑖 + 𝐾𝑐𝑜
(4𝐶𝑖 + 8Г∗) should regulate the strength of the 

221 relationship between Vcmax25 (Jmax25) and SIFPSII×qL. As remote sensing SIF-based Vcmax/Jmax 

222 inference applies only to the ambient CO2 (Ca), the variation in 𝐶𝑖 + 𝐾𝑐𝑜
4𝐶𝑖 + 8Г∗ should be mainly due to 

223 variations in temperature if the Ci/Ca ratio is assumed to be constant. The relationship of Vcmax25 

224 and Jmax25 with SIFPSII×qL will be affected by the joint temperature dependence of 𝐶𝑖 + 𝐾𝑐𝑜
4𝐶𝑖 + 8Г∗ and 𝑓𝑉

225 (𝑇). This motivates the third hypothesis:

226 -  Hypothesis III: Under the Rubisco limitation, temperature variations increase the 

227 variability of the relationship of Vcmax25 and Jmax25 with SIFPSII×qL.
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228 When RuBP regeneration limits carboxylation, eqn 9 reveals that Vcmax or Jmax is not simply 

229 linearly related to SIFPSII×qL. The term (𝑆𝐼𝐹𝑃𝑆𝐼𝐼

σ•𝑃𝐴𝑅) in the slope (
𝜃•

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

) 

230 approximately equals to ΦSIF and has been shown to be relatively muted to PAR variations (Gu et 

231 al., 2019), but qL is very sensitive to instantaneous variations in the environment factors (e.g., 

232 PAR, water stress, besides temperature). This reasoning leads to the fourth hypothesis:

233 - Hypothesis IV: Vcmax25 and Jmax25 have stronger linear relationships with SIFPSII×qL 

234 under Rubisco-limited than under RuBP regeneration-limited carboxylation state.

235 Testing these hypotheses with the concurrent measurements of leaf-level gas exchanges and ChlF 

236 parameters at the leaf level is essential to better understanding how SIFPSII should be used to infer 

237 photosynthetic capacity parameters. 

238
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239 Study sites and plant species

240 To test the hypotheses inferred from theory above, we used measurements conducted at the Oak 

241 Ridge National Laboratory (ORNL), Oak Ridge, TN, U.S. (35°54’N; 84°20’W) from July to 

242 October in 2017, and Cornell Botanic Gardens (CBG), Ithaca, NY, U.S. (42°26’N; 76°28’W) from 

243 June to August in 2020. We collected concurrent measurements of leaf gas exchanges and ChlF 

244 parameters for 15 plant species (Table 1) from six major PFTs. At CBG, the average annual 

245 maximum and minimum temperatures are 13.61 oC and 2.64 oC, respectively and the average 

246 annual precipitation is 789 mm. The measured species cover boreal broadleaf deciduous trees 

247 (BDT Boreal), temperate broadleaf deciduous shrubs (BDS Temperate), temperate broadleaf 

248 deciduous trees (BDT Temperate), and C3 Grass (C3G). Measurements at ORNL were made for 

249 two-year-old bare-root tree saplings and cotton grown in walk-in growth chambers. The tree 

250 saplings were from species that are representative of temperate broadleaf deciduous trees (BDT-

251 Temperate) and boreal needle evergreen trees (NET-Boreal). They were planted into 6.2 L plastic 

252 pots filled with standard potting mix (Sungro, Canada), and maintained under natural sunlight, air 

253 temperature and humidity. Ten months later, healthy uniform plants were transplanted into 35 L 

254 pots with the same soil mix and grown for 30 days in a walk-in growth chamber (expanded 

255 temperature range Model BDW80, Conviron, Canada) before measurements were collected in July, 

256 2017. The maximum PAR in the walk-in growth chamber was set to 1200 μmol m-2 s-1. We planted 

257 two cotton species for this study. Cotton seeds were planted in 10 L pots using the standard potting 

258 mix on October 6, 2017 in a greenhouse. Supplemental lighting was turned on for 14h per day 

259 using HPS 1000 W growth lights that maintained light inside the greenhouse above ~400 μmol m-2 

260 s-1. Greenhouse air temperatures were set to 28 °C for the 14 h photoperiod and 25 °C at night. 

261 After 60 days, the plants were moved to the growth chamber for targeted measurements under 
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262 carefully controlled diurnal environmental conditions. After 14 days of acclimation, the topmost 

263 fully expanded leaves on the main stem were selected for experiments. All species at ORNL were 

264 irrigated and fertilized periodically with 20-10-20 NPK fertilizer (Southern AG, USA).

265 Table 1. Description of plant species, the corresponding Plant Functional Types (PFTs), 

266 growth stage, and location. 

Plant Functional 

Types (PFTs)
Species 

Plant growth 

stage

Measured 

temperature (oC)
Location

Betula alleghaniensis (BA) Mature plant 25 CBG
Broadleaf deciduous 

tree-boreal 

(BDT Boreal) Betula papyrifera (BP) Mature plant 25 CBG

C3 Grass
Dichanthelium clandestinum 

(DC)
Mature plant 25 CBG

Cornus racemosa ‘Cuyzam’ 

(CRC)
Mature plant 25 CBG

Viburnum dentatum ‘Christom’ 

(VD)
Mature plant 25 CBG

Broadleaf deciduous 

shrub-temperate 

(BDS Temperate)
Cornus racemosa ‘Ottzam’ 

(CRO)
Mature plant 25 CBG

Juglans nigra (JN) Mature plant 25 CBG

Carya ovata ‘Wilcox’ (CAO) Mature plant 25 CBG

Broadleaf deciduous 

tree-temperate 

(BDT Temperate)
Liquidambar styraciflua 

‘Moraine’ (LSM)
Mature plant 25 CBG
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Quercus shumardii Buckl. 

(QUSH)
Seedlings

20, 25, 30, 35, 40, 

45
ORNL

Quercus falcata Michx. (QUFA) Seedlings
20, 25, 30, 35, 40, 

45
ORNL

Liriodendron tulipifera L. 

(LITU)
Seedlings

20, 25, 30, 35, 40, 

45
ORNL

Needleleaf evergreen 

tree-Boreal 

(NET Boreal)

Pinus strobus L. (PIST) Seedlings 25 ORNL

Gossypium hirsutum L. (GH) Flowering Stage 25 ORNL
C3 Crops

Gossypium barbadense L. (GB) Flowering Stage 25 ORNL

267

268 Measurement protocols of leaf gas exchanges and ChlF parameters 

269 We measured both light and CO2 response curves of gas exchanges and ChlF for each species at 

270 CBG and ORNL. For each curve, we selected three to five healthy and fully expanded leaves as 

271 replicates of each species. At CBG, curves were measured with GFS-3000 (Walz, Effeltrich, 

272 Germany) equipped with fluorescence measuring head (3010-S, Walz). At ORNL, these curves 

273 were measured with LI-6800 (LI-COR Inc., Lincoln, NE, USA) equipped with leaf multiphase 

274 flash fluorometer chamber (6800-01A, LI-COR Inc). For GFS-3000, RH was kept between 50% 

275 and 60%, the flow rate at 700 mL min-1, and the leaf temperature at 25 °C. Prior to actual 

276 measurements of light and CO2 response curves, photosynthesis was first induced with a saturating 

277 light intensity. Once the steady state was reached (usually within 20 minutes), the auto-progress 



17

278 of light and CO2 response curve was adopted. We performed light response curve measurements 

279 following a sequence of PAR intensities: 2000, 1800, 1500, 1200, 1000, 800, 500, 300, 200, 150, 

280 100, 50, 0 μmol photon m-2 s-1 respectively, with CO2 concentration in the leaf chamber provided 

281 by a CO2 cylinder maintained constant at 400 μmol mol−1. Following the light response curve 

282 measurements, we collected CO2 response curves on the same leaves following a sequence of CO2 

283 concentrations: 400, 300, 200, 150, 100, 50, 0, 380, 550, 800, 1000, 1200, 1500 μmol CO2 mol-1 

284 under the saturated light intensity (2000 μmol m-2 s-1 for species at CBG; 1200 and 1500 μmol m-

285 2 s-1 for species at ORNL). These light and CO2 response curves were measured at 25oC, the 

286 reference temperature commonly used for standardizing photosynthetic parameters. Furthermore, 

287 for each individual leaf within a subset of plant species (LITU, QUSH, and QUFA) grown in the 

288 walk-in growth chamber at ORNL, we collected additional light and CO2 response curves of gas 

289 exchanges and ChlF parameters under different leaf temperatures, 20, 25, 30, 35, 40, and 45 oC, 

290 respectively, with the same protocols described above. 

291 After collecting the light and CO2 response curves, which can be used to obtain gas 

292 exchange variables (i.e., the intercellular CO2 concentration - Ci) and steady-state and maximum 

293 ChlF under light conditions (Fs and Fm’), we subsequently measured the maximum and minimum 

294 ChlF under fully dark-adapted conditions (Fm and Fo) for each leaf replicate under 25 oC. To 

295 achieve this, we first marked the measured area of each dark-adapted leaf to keep the same 

296 measuring position as during the response curve measurements. We wrapped the measured leaf 

297 with aluminum foil, dark-adapted it for at least half an hour, and then recorded Fo and Fm. The 

298 responses of Fm and Fo on temperatures (Pospisil et al., 1998) were used to obtain the values of 

299 Fm and Fo at other temperatures (20, 30, 35, 40, and 45 oC) in LITU, QUSH, and QUFA. 
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300 Derivation of ChlF related variables

301 The measured ChlF parameters were in turn used to calculate the following ChlF related variables, 

302 including minimum ChlF under light (Fo’), qL, non-photochemical quenching (NPQ), SIFPSII and 

303 the actual electron transport rate (Ja). Specifically:

304 Fo’=
𝐹𝑜

𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥 + 𝐹𝑜
𝐹𝑚’

        (Oxborough & Baker, 1997)                                                            (eqn 10)

305 where ΦPSIImax denotes the maximum photochemical yield in the dark-adapted leaves calculated as 

306 (Fm-Fo)/Fm.

307 𝑞L = 𝐹′𝑚 ― 𝐹𝑠

𝐹′𝑚 ― 𝐹′𝑜
× 𝐹′𝑜

𝐹𝑠
   (Kramer et al., 2004)                                                                                 (eqn 

308 11)

309 NPQ=𝐹𝑚 ― 𝐹′𝑚

𝐹′𝑚
  (Genty et al., 1989)                                                                                          (eqn 

310 12)

311 Then the leaf-level SIFPSII was computed from the following theoretical equations (Porcar-

312 Castell et al., 2014; Gu et al., 2019):

313 𝑆𝐼𝐹𝑃𝑆𝐼𝐼 = 𝛷𝑆𝐼𝐹 × 𝑃𝐴𝑅 × 𝛼 × 𝛽                                                                                            (eqn 13)

314 𝛷𝑆𝐼𝐹=
1 ― 𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥

(1 + 𝑘𝐷𝐹) × [(1 + 𝑁𝑃𝑄) × (1 ― 𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥) + 𝑞𝐿 × 𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥]                                                                 (eqn 

315 14)

316 where α is leaf absorptance and assumed to be 0.84 (Björkman & Demmig, 1987, Schreiber, 2004); 

317 β the fraction of light allocated to PSII, assumed to be 0.5 (von Caemmerer, 2000). It is assumed 

318 here that kDF is 10 according to the suggestion of Pfündel (1998) rather than 19 adopted by Gu et 

https://paperpile.com/c/sXonCH/RpK0
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319 al. (2019). The rationale is that the magnitude and range of ΦSIF calculated with a kDF value of 10 

320 (eqn 14) could match the absolute fluorescence yield directly measured by Tesa et al. (2018). 

321  

322 Further, Ja was calculated with eqn 1 from SIFPSII and qL or directly from PAM parameters 

323 (Genty et al., 1989; Schreiber, 2004; Gu et al., 2019):

324 𝐽𝑎 = 𝐹′𝑚 ― 𝐹𝑠

𝐹′𝑚
× PAR × 𝛼 × 𝛽                                                                                                     (eqn 

325 15)       

326 The Ja formulations for eqn 1 and eqn 15 are theoretically identical although they use different 

327 parameters as inputs (Gu et al., 2019).

328 Estimation of Vcmax and Jmax

329 We did not employ the theoretical formulations (eqn 5-6 and eqn 8-9) to directly calculate Vcmax 

330 and Jmax in this study, as the actual values of the input parameters (e.g., Г∗, Kco, kDF, θ, and σ) are 

331 currently unknown although they have been considered as constants (note the validity of these 

332 equations were still validated in Note S2). Instead, to estimate Vcmax and Jmax, we adopted the 

333 traditional approach, i.e., fitting CO2 response curves based upon the FvCB model (Farquhar et 

334 al., 1980; Sharkey, 1985) using the photosynthesis R package (Stinziano et al., 2020). This 

335 approach adopts the fitting strategy of Gu et al. (2010), which iterates all possible Ci transitional 

336 points in order to automate the determination of the carboxylation limitation state, removal of 

337 inadmissible curves fits, and selection of the best fit by minimizing the cost function. Default 

338 parameters (i.e., Γ*, Kc, and Ko) and temperature response function were all from Bernacchi et al. 

339 (2001). Mesophyll conductance was assumed to be infinite for the present study (its limitation 
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340 discussed in Notes S2). By default, this photosynthesis R package does not output the actual 

341 carboxylation limitation state, we thus conducted forward simulations of FvCB with the fitted 

342 parameter along with PAR and CO2 concentration, and used the resulting minimal carboxylation 

343 rate as the output actual limiting state. We repeated this procedure for each leaf replicate under 

344 their measured temperatures. To better distinguish from Vcmax25 and Jmax25, Vcmax and Jmax at 

345 measuring leaf temperatures in the following content were denoted by Vcmax-T and Jmax-T, 

346 respectively.
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347 Results

348 Relationships of photosynthetic capacity parameters with SIFPSII, qL, and SIFPSII×qL 

349 (Hypotheses I and II)

350 We first evaluated the relationships between photosynthetic capacity parameters (Vcmax25 and Jmax25) 

351 and SIFPSII derived from ChlF measurements across 15 different plant species (grouped into six 

352 PFTs) under the light intensity of 1200 μmol m-2 s-1, ambient CO2 concentration, and 25 oC. We 

353 did not observe any detectable relationships between SIFPSII and Jmax25 (R2=0.01, Fig. 1a) or Vcmax25 

354 (R2=0.07, Fig. 1d). This suggests that SIFPSII itself alone is unable to capture the variation of Vcmax25 

355 and Jmax25 across plant species, even under strictly controlled environmental conditions. In contrast, 

356 once qL variation is accounted for, we found striking relationships between SIFPSII×qL and both 

357 photosynthetic capacity parameters, i.e., R2 = 0.76 (p < 0.05) for Jmax25 and R2 = 0.64 (p<0.05) for 

358 Vcmax25 respectively (Fig. 1b,e). qL itself is also significantly related to Jmax25 (R2=0.67, p<0.05, 

359 Fig. 1c) and Vcmax25 (R2=0.45, p<0.05, Fig. 1f) across plant species. However, compared to 

360 SIFPSII×qL, the explanatory power of qL for Jmax25 and Vcmax is reduced by 12% and 30%, 

361 respectively. These patterns suggest that SIFPSII×qL is a much more effective predictor to infer 

362 photosynthetic capacity parameters than SIFPSII or qL itself alone. This is because SIFPSII×qL not 

363 only contains the information of fluorescence emissions, but also, implicitly, that of NPQ 

364 dynamics which regulates the relationships of SIFPSII with photosynthetic capacity, according to 

365 the principle of energy balance (i.e., eqn 20 in Gu et al., 2019, more details in Discussions). Our 

366 results directly drawn from measurements confirm our Hypothesis I and II formulated from 

367 theoretical reasoning. Still the SIFPSII×qL - Vcmax/Jmax relationships can to some degree vary across 

368 PFTs (Fig. 1), likely a consequence of other parameters that were assumed to be constant but can 
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369 differ among plant species (e.g., Г* and Kco in eqn 5, detailed discussions in Notes S2) and the 

370 specific growth conditions in natural environments (e.g., varying climates, soil conditions, 

371 topography, among others, detailed discussion below). 

372

373 Fig. 1. The relationships of SIFPSII with Jmax25 (a) and Vcmax25 (d), the relationships of 

374 SIFPSII×qL with Jmax25 (b) and Vcmax25 (e), and the relationships of qL with Jmax25 (c) and Vcmax25 

375 (f) respectively, across 15 plant species grouped into six plant function types (PFTs, Table 1). 

376 Here, SIFPSII was calculated with the ChlF parameters (eqn 13) at PAR of 1200 μmol m-2 s-1, 

377 ambient CO2 concentration (400 μmol mol-1), and 25 oC. Jmax25 and Vcmax25 were fitted with the 

378 FvCB model at 25 oC. Each scatter represents one leaf replicate, color coded by PFTs. The 

379 black lines are linear ordinary least-square regression with all leaves pooling together. * 

380 denotes a statistically significant at the significance level of 0.05.

381
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382 Impact of temperature variations on the relationships of photosynthetic capacity parameters 

383 with SIFPSII, qL, and SIFPSII×qL (Hypothesis III)

384 For a subset of plant species, light and CO2 response curves were collected under varying 

385 temperatures ranging from 20 oC to 45 oC (Table 1). For these species, we found that under the 

386 Rubisco-limited state, Jmax-T (Vcmax-T) can be either positively or negatively correlated with SIFPSII 

387 (under the same temperature) as temperature varies, and none of their relationships are statistically 

388 significant except for the correlation at 30 oC (Fig. 2a,d). In contrast, there are strong correlations 

389 of SIFPSII×qL with Jmax-T (R2=0.71) and with Vcmax-T (R2=0.80) when all plant species are pooled 

390 together (Fig. 2b,e). Also, qL is significantly related to Jmax-T and Vcmax-T, with 66% and 65% of 

391 the variability of Jmax-T (Fig. 2c) and Vcmax-T (Fig. 2f) being explained by qL. The relationships 

392 between SIFPSII×qL and Jmax-T (Vcmax-T) are stronger than that between qL and Jmax-T (Vcmax-T) at a 

393 single temperature or across all the temperatures. This indicates that SIFPSII alone, to a certain 

394 extent, can constraint (not accurately estimate though) the variability of photosynthetic capacity 

395 parameters across plant species. SIFPSII×qL can infer photosynthetic capacity parameters more 

396 accurately than SIFPSII or qL itself alone across temperatures. Interestingly, the regression slopes 

397 of SIFPSII×qL (Fig. 2b,e) against Jmax-T (Vcmax-T) are relatively stable across a broad range of 

398 temperature variation under Rubisco limitation. 
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399

400 Fig. 2. Impact of temperature variations on the relationship of Jmax-T (and Vcmax-T) with SIFPSII 

401 (a, d), SIFPSII×qL(b, e), and qL (c, f). Similar to Fig.1, but the relationships were analyzed under 

402 Rubisco-limited state for a subset of plant species that were measured under different 

403 temperatures, i.e. 20 oC (n = 14), 25 oC (n = 16), 30 oC (n = 16), 35 oC (n = 20), 40 oC (n = 12), 

404 45 oC (n = 24). SIFPSII and SIFPSII×qL were calculated with eqn 13 under the PAR of 1200 and 

405 1000 μmol m-2 s-1. The data size (n) depends on how many data samples were Rubisco-limited 

406 under each temperature. Jmax-T and Vcmax-T were fitted with the FvCB model at these individual 

407 temperatures. Each scatter represents one single leaf, separated by plant species (circle: LITU, 

408 triangle: QUSH, square: QUFA), and grouped by temperature. 

409 When normalizing Jmax-T (and Vcmax-T) to the reference temperature 25 oC, their strong 

410 correlation with SIFPSII×qL remains relatively stable but their regression slopes diverge 

411 considerably (Fig. 3b,e). This pattern suggests that, under the Rubisco limitation, temperature 
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412 variations can further complicate the relationships of Vcmax25 and Jmax25 with SIFPSII×qL, confirming 

413 our Hypothesis III. Such divergence of regression slopes is likely a consequence of the regulation 

414 of 𝑓𝑉(𝑇) and 𝑓𝐽(𝑇). This is supported by Fig. 4, which shows the composite terms ( 𝐶𝑖 + 𝐾𝑐𝑜
(4𝐶𝑖 + 8Г∗)) and 

415 (
𝜃•

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

) in eqn 8 and 9 respectively are relatively stable across different 

416 temperatures (Fig. 4c,d), compared to if when 𝑓𝑉(𝑇) and 𝑓𝐽(𝑇) are included (Fig. 4a,b). This 

417 analysis mimics the actual applications of remote sensing SIF (measured under dynamic 

418 temperatures) for inferring Vcmax25 and Jmax25. In addition, a weaker relationship of Jmax25 (and 

419 Vcmax25) with qL than with SIFPSII×qL was observed under each temperature (Fig. 3b, e versus Fig. 

420 3c, f). However, when all the data at different temperatures were pooled together, the explanatory 

421 power of SIFPSII×qL for Jmax25 and Vcmax25 is similar to or even lower than that of qL alone. This 

422 indicates that SIFPSII cannot capture the variability of Jmax25 and Vcmax25 caused by temperatures 

423 (also confirm by Fig. 5d below). Note the dependence of kD on the temperature (van der Tol et al., 

424 2014) may affect the response of SIFPSII on temperatures, but kD and kF are fundamental physical 

425 properties of the chlorophyll molecule and there is current no physical mechanism to explain the 

426 dependence of kD (an antenna process) on temperature. 



26

427
428 Fig. 3. Similar to Fig.2 except Vcmax-T and Jmax-T were normalized to 25 oC, i.e., for Vcmax25 and 

429 Jmax25. 
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430

431 Fig. 4. The variations of the composite term of eqn 8 ( 1
𝑓𝑉(𝑇) ×

𝐶𝑖 + 𝐾𝑐𝑜
4𝐶𝑖 + 8Г∗, a; 𝐶𝑖 + 𝐾𝑐𝑜

4𝐶𝑖 + 8Г∗, c) and of eqn 

432 9 ( 1
𝑓𝑉(𝑇) ×

𝜃•
𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹

σ•𝑃𝐴𝑅
 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹

σ•𝑃𝐴𝑅
 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

, b; 
𝜃•

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

, d) with (a,b) and 

433 without (b,d) the consideration of temperature function under different temperatures. Different 

434 colors represent different PAR. Each bar represents the mean of all the replicate individuals in 

435 three species (LITU, QUSH, and QUFA). 

436 To understand why the SIFPSII×qL ~ Vcmax-T (Jmax-T) relationships can hold relatively stable 

437 across temperatures under the Rubisco limitation, we compared the temperature dependence of 
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438 SIFPSII with those of qL, and Vcmax-T (Jmax-T) (Fig. 5). We found that temperatures have stronger 

439 impact on qL and Vcmax-T (Jmax-T) than on SIFPSII. For example, for all species, qL and Vcmax-T (Jmax-T) 

440 increase almost in parallel as a function of temperature from 20°C to 35°C and then both declined 

441 at higher temperatures (Fig. 5a,b,c). Such consistency in the variations of qL and Vcmax-T (Jmax-T) 

442 with temperatures implies that qL can reflect the activation of the carboxylation enzyme. In contrast, 

443 SIFPSII does not exhibit much variation with temperature (Fig. 5d), likely a consequence of the 

444 dominant role of light on SIFPSII. Collectively, the product of SIFPSII and qL can effectively 

445 characterize the temperature impacts on Vcmax-T (Jmax-T) (Fig. 5e).

446

447 Fig. 5. The variations of Vcmax-T (a), Jmax-T (b), qL (c), SIFPSII (d), and SIFPSII×qL (e) under different 

448 temperatures for three species (LITU, QUSH, QUFA). Each bar represents the mean of leaf 

449 replicates within the same temperature under the Rubisco limited state, the number of replicates is 

450 shown above each bar.
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451 Carboxylation limitation states must be considered for using SIFPSII to infer photosynthetic 

452 capacity parameters (Hypothesis IV)

453 As SIFPSII (and also qL) varies instantaneously with PAR while photosynthetic capacity parameters 

454 have no dependence on PAR, we further examined whether and how carboxylation limitation state 

455 (which depends on PAR) alters the relationship between SIFPSII (and SIFPSII×qL) and Jmax25 (and 

456 Vcmax25). We found that SIFPSII×qL is more tightly related to Jmax25 (and Vcmax25) linearly under 

457 Rubisco-limited state (when PAR = 1200 and 1000 μmol m–2 s-1) than under RuBP regeneration-

458 limited state (when PAR = 500 and 300 μmol m–2 s-1) (comparing Fig. 6b,d and Fig. 7b,d). Again, 

459 SIFPSII alone does not appear to have any significant relationship with Jmax25 or Vcmax25, regardless 

460 of the carboxylation limiting states (Fig. 6a,c and Fig. 7a,c). These findings confirm our 

461 Hypothesis IV. 

462 Moreover, the regression slopes of Jmax25 (or Vcmax25) against SIFPSII×qL are similar between 

463 1200 and 1000 μmol m–2 s-1 (p = 0.683 for Jmax25, p = 0. 743 for Vcmax25, based on two tail t-test), 

464 both under the Rubisco-limited state (Fig. 6b,d). To verify this result with theoretical formula, we 

465 checked the composite term of 1
𝑓𝑉(𝑇) ×

𝐶𝑖 + 𝐾𝑐𝑜
(4𝐶𝑖 + 8Г∗) (eqn 8) under different PAR levels, and found that 

466 PAR indeed has minimal impact on the magnitude of this composite term across all temperatures 

467 (Fig. 4a). However, this term is highly sensitive to temperature variations, explaining the divergent 

468 Jmax25 (or Vcmax25) ~ SIFPSII×qL regression slopes across temperatures (Fig. 3b,d). Under the RuBP 

469 regeneration limitation, there is also no significant difference in the regression slopes of Jmax25 (or 

470 Vcmax25) against SIFPSII×qL between 500 and 300 μmol m–2 s-1 (p = 0.725 for Jmax25, p=0.609 for 

471 Vcmax25) (Fig. 7b,d). This can be supported by Fig. 4b, in which PAR has negligible impact on the 

472 composite term of 1
𝑓𝑉(𝑇) ×

𝜃•
𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹

σ•𝑃𝐴𝑅
 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹

σ•𝑃𝐴𝑅
 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

 (eqn 9) across all temperatures. Similar 
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473 to the composite term in eqn 8, the composite term in eqn 9 is considerably affected by 

474 temperatures. 

475 In contrast, the regression slopes of Vcmax25 (or Jmax25) against SIFPSII×qL under the Rubisco 

476 limitation differ significantly from that under RuBP regeneration limitation when a single PAR for 

477 each limitation is considered (i.e., 1200 vs 500, 1200 vs 300, 1000 vs 500, 1000 vs 300). These 

478 results suggest that prior information of photosynthetic limitation stage should be considered when 

479 observational SIFPSII (or SIF) is employed to infer photosynthetic capacity parameters.

480
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481 Fig. 6. Similar to Fig.1 but the relationships were analyzed under the Rubisco limitation only. 

482 SIFPSII and SIFPSII×qL were calculated with ChlF parameters that measured under the PAR of 1200 

483 (red) and 1000 (blue) μmol m-2 s-1. The linear ordinary least-square regressions were made for 

484 each light intensity separately. 

485

486 Fig. 7. Similar to Fig.1 but the relationships were analyzed under the RuBP regeneration limitation 

487 only. SIFPSII and SIFPSII×qL were calculated with ChlF parameters measured under the PAR of 500 

488 (black) and 300 (green) μmol m-2 s-1. The linear ordinary least-square regressions were made for 

489 each light intensity separately.
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490 Discussion

491 The product of SIFPSII and qL has greater capability for inferring photosynthetic capacity 

492 than SIFPSII alone

493 We observed prominent positive correlation of SIFPSII×qL with both Jmax25 and Vcmax25 across 

494 different species under various temperatures and PAR levels, demonstrating that SIFPSII×qL 

495 contains more information on physiological variations related to photosynthetic capacity than 

496 SIFPSII alone. This finding can be interpreted mechanistically with eqn 8 and eqn 9, derived by 

497 combining MLR-SIF (Gu et al., 2019) and FvCB model (Farquhar et al., 1980) under the 

498 assumption of light and carbon reaction balance. qL reflects the redox state of the electron acceptors 

499 in PSII which is highly sensitive to electron transport (Kramer et al., 2004; Baker, 2008). When 

500 there is an imbalance between the production of ATP/NADPH at the end of the light reactions and 

501 their consumption in the dark reactions which is affected by CO2 diffusion and photosynthetic 

502 capacity, redox reaction rates along the electron transport chain are adjusted instantly (Johnson & 

503 Berry, 2021), affecting qL. Additionally, thylakoid lumen can either acidify or alkalify, depending 

504 on the direction of imbalance. Changes in lumen acidity control the energy-dependent component 

505 of NPQ and the redox state of the plastoquinone pool (PQ/PQH2) (a rate-limiting step of electron 

506 transport), which is reflected by changes in qL (Foyer et al., 2012). Thus, the variation of qL is a 

507 result of interactions between the light and carbon reactions, both of which respond to 

508 environmental variations (Rochaix, 2011; Roach & Krieger-Liszkay, 2014). 

509 Note that since this study focuses on the functional relationships between SIFPSII (qL, and 

510 SIFPSII×qL) and photosynthetic capacity parameters instead of their respective absolute values, 

511 potential measurement differences induced by instruments (i.e., Li-6800 and GFS-3000) should 
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512 not affect our data analysis and conclusions. In addition, this study used modelled SIFPSII (eqn 13), 

513 not the directly measured ChlF emission rate to infer photosynthetic capacity parameters. Our 

514 rationale is that, in theory, Ja required by MLR-SIF to estimate photosynthesis (and photosynthetic 

515 capacity parameters) should be calculated from the ChlF signal from PSII only (denoted as SIFPSII) 

516 rather than that contains contributions from both PSII and PSI, which is usually the case for directly 

517 observed ChlF emission rate or remotely sensed SIF. Nevertheless, the modeled SIFPSII was 

518 thoroughly evaluated with independent ChlF emission spectra elsewhere (Han et al., 2021, under 

519 review). Also, we acknowledge that the assumed constants α, β, and kDF in eqn 13 can potentially 

520 affect the calculation of SIFPSII, but not the general patterns between photosynthetic capacities and 

521 SIFPSII (or SIFPSII×qL). For facilitating the broad applications of the approach calculating SIFPSII, 

522 the values of α, β, and kDF need to be precisely determined in the future. 

523 Factors impacting the relationship between photosynthetic capacity parameters and 

524 SIFPSII×qL

525 The precise relationships of SIFPSII×qL with Vcmax25 under the Rubisco limitation also depend on 

526 Ci according to eqn 8. For broad applications, Ci is often assumed to be a constant ratio of ambient 

527 CO2 concentration Ca (e.g., Ci/Ca ~ 0.7 in C3 species), but it changes with stomatal conductance 

528 which is affected directly by VPD and temperatures (Morison & Gifford, 1982). Indeed, the redox 

529 state of QA, measured by qL, is a strong predictor of stomatal conductance (Busch, 2014; Glowacka 

530 et al., 2018; Kromdijk et al., 2019) and can partly explain the dynamic of stomatal conductance. 

531 Thus, modeling stomatal conductance with qL in the future may eliminate the effects of CO2 on 

532 SIFPSII×qL ~ Vcmax25 relationship. Additionally, to make the method of inferring Vcmax25 (Jmax25) 

533 with SIFPSII×qL applicable beyond the leaf scale, qL needs to be modelled as a function of 
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534 environments (e.g., temperature, PAR, CO2 levels, and nutrient stress) in future studies, given that 

535 it cannot be directly measured at large scales. Under RuBP regeneration limitation, Jmax25 and 

536 SIFPSII×qL might not be linearly correlated, because the variables SIFPSII and qL are still involved 

537 in the slope ( 1
𝑓𝑉(𝑇) ×

𝜃•
𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹

σ•𝑃𝐴𝑅
 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹

σ•𝑃𝐴𝑅
 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

  in eqn 9). This further suggests the necessity 

538 of modelling qL in the future to explore the environmental factors influencing the relationships 

539 between photosynthetic capacity parameters and SIFPSII×qL. 

540 Besides qL, eqn 8 and 9 contains other parameters (e.g., kDF, Kco, Г*, and ΦPSIImax). These 

541 additional parameters are often assumed to be constant in literatures but in reality can vary across 

542 plant species and growth environmental conditions (e.g., temperature, water and nutrient stress, 

543 and PAR). For example, the actual kDF value is currently unknown. A value of 10 was implied in 

544 Pfündel (1998) while Gu et al. (2019) set kDF to 19. The use of these two kDF values would directly 

545 cause Vcmax25 to vary by a factor of two according to eqn 8. Moreover, van der Tol et al. (2014) 

546 speculated that kD (an antenna process) depends on the temperature (even though there is currently 

547 no physical mechanism to explain the dependence of kD on temperatures), which can affect the 

548 magnitude of calculated SIFPSII and its response on temperatures. However, the variation of kD 

549 caused by temperature does not impact the general relationship between SIFPSII and Vcmax25 (or 

550 Jmax25) as kDF remains unchanged under the same temperature and only SIFPSII stratified to a certain 

551 abiotic conditions (e.g., same temperature) can be used to infer Vcmax25 (demonstrated in Fig. 3). 

552 Thus, our conclusion that the product of SIFPSII and qL has greater capability for inferring 

553 photosynthetic capacity than SIFPSII alone still holds true even if temperature has an impact on kD. 

554 In addition, Kco and Г* are related to the specificity factor of Rubisco, which depend on temperature 

555 and the partial pressure of oxygen, and also varies among PFTs (refer to Notes S2). Furthermore, 
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556 ΦPSIImax is relatively conservative (~0.82) across plant species but can decrease under stressed 

557 environmental conditions. Given these potential effects of varying environmental conditions, plant 

558 species, and growth status (e.g., plant/leaf age, stress) on the parameters involved in our theoretical 

559 equations, and consequently the strength of the relationships between SIFPSII, SIFPSII × qL, and 

560 photosynthetic capacity parameters, more measurements are required in the future to quantitatively 

561 examine their relationships across broad biotic and abiotic conditions.

562 The discrepancies of the relationships between photosynthetic capacity parameters and SIF 

563 (or SIFPSII) among existing studies 

564 Our theoretical and measurement results consistently showed that no general, predictive 

565 relationships exist between photosynthetic capacity parameters and SIFPSII (due to the regulation 

566 of qL). This explains the conflicting results reported in previous studies (e.g., Zhang et al., 2014 

567 and Camino et al., 2019 vs Fu et al., 2021 and Koffi et al., 2015). Indeed, from our theoretical 

568 formulation (eqn 8-9), it is mechanistically unwarranted to expect simple relationship between 

569 photosynthetic capacity parameters and SIF (or SIFPSII) across different species and/or 

570 environmental conditions even when the measurement settings used to obtain SIF and 

571 photosynthetic capacity parameters are exactly the same. It should be noted that the usage of 

572 modeled SIFPSII (eqn 13) rather than directly measured leaf-level ChlF emission spectra (in 

573 absolute radiometric units, e.g., Magney et al., 2019; Meeker et al., 2021) is not the cause of the 

574 differences among studies, as a strong correlation between SIFPSII and ChlF emission spectra were 

575 already confirmed elsewhere (Han et al., under review). 

576 Specifically, our results appear to differ from model simulations (Zhang et al., 2014; 

577 Camino et al., 2019), which reported the significant positive relationships between simulated SIF 



36

578 and Vcmax25. The discrepancy might be because our analysis of SIFPSII and photosynthetic capacity 

579 parameters relationships were conducted for different plant species, while the existing studies 

580 focused on single crop types to infer Vcmax25 with SIF. To mimic their settings, we pooled our 

581 measurements from the same species and performed regression analysis between SIFPSII and 

582 photosynthetic capacity parameters (Fig. 8). However, the correlations between SIFPSII and Vcmax25 

583 (Jmax25) were still very weak (R2 = 0.06 for Vcmax25; R2 = 0.09 for Jmax25). A major reason for this 

584 weak within-species correlation is that their relationships are affected by any instantaneous or 

585 long-term factors that affect photosynthesis. Another possible reason is that, in their studies, SIF 

586 was simulated by perturbing Vcmax25 in SCOPE, a model that was tested only for a limited number 

587 of plant types, i.e., crops or temperate young woody plants, grown in greenhouse/chambers/pots, 

588 and therefore inevitably suffers from model structure/parameters uncertainties. The derived SIF- 

589 Vcmax25 relationships could thus be inaccurate. 

590 On the other hand, strong negative correlation between Vcmax-T and Jmax-T fitted under 

591 measuring air temperatures with ΦSIF (instead of SIF) was observed among 10 tobacco (Nicotiana 

592 tabacum) cultivars (Fu et al., 2021). Yet, our study did not find such negative relationship of either 

593 Vcmax (Jmax) ~ ΦSIF or Vcmax25 (Jmax25) ~ ΦSIF across a wide range of species from different PFTs. 

594 Such discrepancy is likely because Fu et al. (2021) confined their analyses to narrowed 

595 environmental conditions (e.g., midday only, stratified to different phenological stages) and to a 

596 single plant species. In addition, they analyzed the leaf-level Vcmax-T and Jmax-T with ΦSIF derived 

597 from canopy-level measurements of SIF; therefore, the scaling mismatch between leaf and canopy 

598 might also have contributed to the observed discrepancies. 
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599 Note that this study focuses on the leaf level. Even at the leaf scale the relationship between 

600 SIFPSII and photosynthetic capacity parameters is already complex. At the canopy scale, there are 

601 additional complexities, i.e., canopy geometry/structure, re-absorption of SIF within the canopy, 

602 vertical variations of qL, that can further affect the strength (and potentially even the sign) of 

603 remotely sensed SIF - Vcmax (Jmax) relationships. More measurements at the canopy scale across 

604 broad environmental conditions and larger variety of plant species are critically needed in the 

605 future.

606

607 Fig. 8. Similar to Fig. 3, but the data were grouped into different species (LITU: green, QUSH: 

608 blue, QUFA: yellow)

609
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610 Inferring photosynthetic capacity parameters with SIFPSII must consider the photosynthetic 

611 limiting stages

612 We observed different regression slopes of Vcmax25 and SIFPSII×qL between Rubisco and RuBP-

613 regeneration limitations, which is theoretically supported by eqn 8 and eqn 9. This suggests that 

614 when SIF (or SIFPSII) is used to infer Vcmax25, we need a priori information of which photosynthetic 

615 limitation the observed SIF (or SIFPSII) is under. The determination of carboxylation limitation 

616 state depends on CO2 level, temperature, PAR, and other environment conditions. To utilize SIF 

617 (or SIFPSII)×qL for accurately inferring Vcmax25 and Jmax25 beyond the leaf level, we need to first 

618 determine the carboxylation limitation state with ChlF information itself. Sharkey et al. (2007) 

619 reported that ChlF measurements can be used to determine the limiting stages for any data point 

620 by analyzing the response of Ja to CO2 concentration. Similarly, the response of Ja to PAR can be 

621 also used to identify the limiting stages. For example, if Ja is increasing with PAR, the data belong 

622 to the RuBP-regeneration limitation. If Ja reaches a plateau with PAR, the data are Rubisco-limited. 

623 Interestingly, we observed similar patterns between Ja and SIFPSII×qL with PAR (Fig. 9), which 

624 indicated that the response of SIFPSII×qL to environmental factor would be useful to identify the 

625 carboxylation limitation states. The consistent trends of Ja and SIFPSII×qL can be also explained by 

626 the equation of Ja (eqn 1). 
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627
628 Fig. 9. The response of Ja (a), SIFPSII×qL (b), SIFPSII (c), and qL (d) on PAR at different PFTs. 

629 Different colors represent different PFTs. Each scatter represents the mean of all species within 

630 the same PFT.

631

632
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633 Conclusion

634 This study revealed that SIFPSII alone is incapable of informing the variations in Vcmax25 and Jmax25 

635 either within a species or across different species, even when SIFPSII is determined under the same 

636 environmental conditions. In contrast, the product of SIFPSII and the fraction of open PSII reaction 

637 centers qL, which indicates the redox state of PSII, is a strong predictor of both Vcmax25 and Jmax25. 

638 The limitation state of carboxylation must be considered if observed SIFPSII is utilized to infer 

639 Vcmax25 (or Jmax25) under dynamic environmental conditions. Temperature variations can further 

640 complicate the relationships of photosynthetic capacity parameters with SIFPSII×qL, but such 

641 relationships remain relatively stable if considered at the same temperatures. These findings are 

642 grounded on the consistency between theoretical reasoning and direct measurements on a diverse 

643 number of species and expected to have high rigor and robustness. 

644

645
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869 Notes S1. The full derivations of the theoretical equations linking photosynthetic capacity 

870 parameters with 𝑺𝑰𝑭𝑷𝑺𝑰𝑰 (Eqn 5-6)

871 By equating the light reaction-based (MLR-SIF, eqn 1) and carbon reaction-based 𝐽𝑎 (FvCB, eqn 

872 2-3), we can derive explicit relationships between SIFPSII and Vcmax (and Jmax). Specifically, 

873 under the Rubisco-limited state, set 𝐴𝑔 = 𝐴𝑐; then combining eqn 2 and 3b leads to:

874
𝑉𝑐𝑚𝑎𝑥•(𝐶𝑖 ― Г∗)

𝐶𝑖 + 𝐾𝑐𝑜 =
(𝐶𝑖 ― Г∗)
4𝐶𝑖 + 8Г∗ × 𝐽𝑎.                                                                          (eqn 4 in the main 

875 text)

876 Inserting eqn 1 to eqn 4 results in:

877
𝑉𝑐𝑚𝑎𝑥•(𝐶𝑖 ― Г∗)

𝐶𝑖 + 𝐾𝑐𝑜 =
(𝐶𝑖 ― Г∗)
4𝐶𝑖 + 8Г∗ ×

𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥•(1 + 𝑘𝐷𝐹)
1 ― 𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥

× 𝑞𝐿 × 𝑆𝐼𝐹𝑃𝑆𝐼𝐼.                                                 (S1)

878 Thus,                                                    

879 𝑉𝑐𝑚𝑎𝑥 =
𝐶𝑖 + 𝐾𝑐𝑜

(4𝐶𝑖 + 8Г∗) ×
𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥

1 ― 𝛷𝑃𝑆𝐼𝐼𝑚𝑎𝑥
× (1 + 𝑘𝐷𝐹) × 𝑞𝐿 × 𝑆𝐼𝐹𝑃𝑆𝐼𝐼.           (eqn 5 in the main text)                         

880 Within the FvCB framework, the potential electron transport rate Jp is empirically calculated by:

881 𝐽𝑝 = σ•𝑃𝐴𝑅 + 𝐽𝑚𝑎𝑥 ― (σ•𝑃𝐴𝑅 + 𝐽𝑚𝑎𝑥)2 ― 4𝜃•σ•𝑃𝐴𝑅•𝐽𝑚𝑎𝑥 

2𝜃 .                                       (eqn 3d in the main 

882 text)

883 Eqn S3d is a root of the following quadratic equation:

884 𝜃•𝐽2
𝑝 ― (𝜎•𝑃𝐴𝑅 + 𝐽𝑚𝑎𝑥)𝐽𝑝 + 𝐽𝑚𝑎𝑥•𝜎•𝑃𝐴𝑅 = 0.                                                  (S2)

885 Or equivalently,

886 𝐽𝑝 =
𝐽𝑚𝑎𝑥 ― 𝐽𝑝

𝐽𝑚𝑎𝑥 ― 𝜃•𝐽𝑝
•σ•𝑃𝐴𝑅.                            (S3)

887 Eqn S3 shows that the FvCB model for potential electron transport is a recursive model.
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888 Under the RuBP regeneration limited state, the potential electron transport rate becomes the 

889 actual rate, i.e., 𝐽𝑝 = 𝐽𝑎. Solve eqn S3 for Jmax:

890 𝐽𝑚𝑎𝑥 =
𝜃•𝐽𝑎 ― σ•𝑃𝐴𝑅

𝐽𝑎 ― σ•𝑃𝐴𝑅 𝐽𝑎.                    

891 (S4)

892 Insert eqn 3d into S4:

893 𝐽𝑚𝑎𝑥 =
𝜃•

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

𝑞𝐿•𝑆𝐼𝐹𝑃𝑆𝐼𝐼• 1 + 𝑘𝐷𝐹
σ•𝑃𝐴𝑅

 ―  1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

×
Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥

1 ― Φ𝑃𝑆𝐼𝐼𝑚𝑎𝑥
× (1 + 𝑘𝐷𝐹) × 𝑞𝐿 × 𝑆𝐼𝐹𝑃𝑆𝐼𝐼          

894 (eqn 6 in the main text)

895

896 Notes S2. Validity of the theoretical equations (Eqn 5-6) in directly computing photosynthetic 

897 capacity parameters

898 To demonstrate the validity of our theoretical formulations in directly deriving photosynthetic 

899 capacity parameters, we compared Vcmax computed from eqn 5 (using Vcmax only here as an example 

900 for illustrative purpose) by assuming the unknown parameters as constants, against that determined 

901 from the standard approach, i.e., fitting CO2 and light response curves based upon the FvCB model 

902 using the photosynthesis R package (Stinziano et al., 2020) (details in the main text). Specifically, 

903 to compute Vcmax with eqn 5, we assumed kDF to be 10 for all the PFT species under different 

904 temperatures (20, 25, 30, 35, 40, and 45 oC). Г* and Kco were assumed to be constant at 42.75 

905 μmol mol-1 and 435.44 μmol mol-1, respectively at 25 oC (Bernacchi et al., 2001) and constant 

906 across plant species. The temperature response function from Bernacchi et al. (2001) was adopted 

907 to calibrate Г* and Kco at other temperatures. Then, the derived qL, SIFPSII, and ΦPSIImax using PAM 

908 parameters and directly measured Ci at saturating light (1000 and 1200 μmol m-2 s-1) and ambient 

909 CO2 conditions (400 μmol mol-1) under Rubisco-limited states were used to compute Vcmax with 

910 eqn 5 under different temperatures across different plant species.

911 We observed that the Vcmax theoretically derived from eqn 5 was strongly correlated with 

912 that determined from the standard approach (Fig. S1). Specifically, for Vcmax25 , their R2 is 0.64 
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913 with a regression slope of 0.89 (p<0.05) across PFTs (Fig. S1); for Vcmax-T their R2 is 0.86 with a 

914 regression slope of 0.94 (p<0.05) across temperatures for a subset of species (for which 

915 measurements under different temperatures are available, i.e., LITU, QUSH, and QUFA). This 

916 result demonstrates the validity of our theoretical formulation that computes photosynthetic 

917 parameters with 𝑆𝐼𝐹PSII. Notably, the regression slope in Fig. S1a, to some degree, deviates from 

918 the 1:1 line, which is likely a consequence of the assumed constant values for Г* and Kco across 

919 PFTs. This indicates that the use of assumed constants for unknown parameters can contribute to 

920 the uncertainty of our theoretical formulation for practical applications. In addition, mesophyll 

921 conductance was assumed to be infinite for Vcmax derived from both approaches here, which could 

922 result in the underestimation of Vcmax and Jmax (Sun et al., 2014). Therefore, broad applications of 

923 our theoretical formulations would require a coupling with mesophyll conductance model in the 

924 future.
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925

926 Fig. S1. The relationships between the theoretical Vcmax from eqn 5 and that derived from the 

927 standard approach across different PFTs (a, for Vcmax25) and across temperatures for a subset 

928 of plant species for which measurements under different temperatures are available (b, for 

929 Vcmax-T, circle: LITU, triangle: QUSH, square: QUFA) under the Rubisco-limited states. The 

930 black lines are linear ordinary least-square regression with all data pooled together. * denotes 

931 statistically significant at the level of 0.05. Each scatter represents one single leaf replicate. The 
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932 theoretical Vcmax from eqn 5 was calculated under the PAR of 1200 and 1000 μmol m-2 s-1 and 

933 ambient CO2 conditions (400 μmol mol-1) at 25 oC for (a) and different temperatures (20, 25, 30, 

934 35, 40, 45 oC) for (b). The data size for each species or temperature depends on how many data 

935 samples were Rubisco-limited.
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