Varying relationships between SIF and Vcmax
Seasonally varying relationship between sun-induced chlorophyll fluorescence and photosynthetic capacity from leaf to canopy in a paddy rice field
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Key points:
· SIF yield showed better relationships with leaf Vcmax than SIF flux at both leaf and canopy levels.
· [bookmark: OLE_LINK47]Growing stages, leaf physiological characters and canopy structure have strong impact on the relationships between leaf or canopy SIF and leaf Vcmax .
[bookmark: OLE_LINK25]Abstract 
[bookmark: OLE_LINK3][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK9]Photosynthetic capacity (leaf maximum carboxylation rate, Vcmax) is a critical parameter for accurately assessing carbon assimilation by plant canopies. Recent studies of sun-induced chlorophyll fluorescence (SIF) show potential to estimate Vcmax at ecosystem level. However, the SIF-Vcmax relationship at leaf and canopy levels is still poorly understood. 
This study investigates the relationship between leaf or canopy SIF and leaf Vcmax and its controlling factors based on SIF and CO2 response measurements in rice. The results show that SIF (or its yield, SIFy) and Vcmax are strongly correlated during the growing season, though the relationship varies with rice growth stages. After the flowering period, SIFy has a stronger relationship with Vcmax than SIF flux at both leaf and canopy levels. Further analysis suggests that changes in canopy structure and leaf physiology lead to the divergence of the link between SIF and Vcmax from leaf to canopy level. Our findings highlight the need to account for plant physiology and canopy structure in interpreting the SIF signal across spatial scales. Our observation-based results provide evidence that remotely sensed SIF observations can be used to track seasonal variations of Vcmax at the leaf and canopy levels.
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1 Introduction 
Photosynthetic capacity, generally expressed as leaf maximum carboxylation rate (Vcmax), is a fundamental parameter of plant physiology for ecosystem photosynthesis modeling. It determines the maximum photosynthesis rate of a leaf at a saturating level of radiation (Farquhar, von Caemmerer, & Berry, 1980) and is one of the key parameters in terrestrial biosphere models (TBMs) which have been used to quantify the terrestrial carbon fluxes across different spatial and temporal scales (Dickinson, 1983; Farquhar et al., 1980; Sellers et al., 1997). Vcmax generally shows substantial variations across spatial and temporal scales even within the same species (Croft et al., 2017; Kattge, Knorr, Raddatz, & Wirth, 2009; Smith et al., 2018; Wilson, Baldocchi, & Hanson, 2001; Wright et al., 2005; Xu & Baldocchi, 2001). A spatial-temporal parameterization of Vcmax is thus necessary to reduce the uncertainties in photosynthesis estimates from TBMs (Bonan et al., 2011). 
Remote sensing (RS) techniques provide a unique way to derive spatially explicit vegetation physiological parameters at larger scales. Though numerous studies have investigated RS-based estimations of vegetation biochemical traits such as leaf pigments or nitrogen contents (Clevers & Kooistra, 2011), only a few studies have recently tried to infer Vcmax directly from established vegetation reflectance-based measurements, either with vegetation indices (Alton, 2017, 2018; Houborg, Cescatti, Migliavacca, & Kustas, 2013; Zhou et al., 2014), or hyperspectral spectroscopy (Ainsworth, Serbin, Skoneczka, & Townsend, 2014; Camino, Gonzalez-Dugo, Hernandez, & Zarco-Tejada, 2019; Dechant, Cuntz, Vohland, Schulz, & Doktor, 2017; Gamon et al., 2019; Shawn P Serbin, 2012; Shawn P. Serbin et al., 2015; Silva-Perez et al., 2017). Recently available spaceborne sun-induced chlorophyll fluorescence (SIF) data have also been used to derive spatially continuous Vcmax at the ecosystem level (Camino et al., 2019; He et al., 2019; Vilfan, van der Tol, & Verhoef, 2019; Y. Zhang et al., 2014; Zhang, Guanter, Joiner, Song, & Guan, 2018). 
Chlorophyll fluorescence has been used for decades to elucidate function of the photosynthetic apparatus at the leaf level (Krause & Weis, 1991; Hartmut K Lichtenthaler & Buschmann, 2001). It can be used to probe how leaves dissipate the absorbed radiation (Genty, Briantais, & Baker, 1989; Kitajima & Butler, 1975). Recent satellite retrievals of SIF have been shown to be good indicators of vegetation photosynthesis across multiple spatial scales (Christian et al., 2011; Luis Guanter et al., 2012; L. Guanter et al., 2014; Sun et al., 2017; Yang et al., 2015; Y. Zhang et al., 2014; Zhang et al., 2016). The relationship of SIF with Vcmax has also been investigated using a process-based model SCOPE (Soil Canopy Observation, Photochemistry and Energy fluxes) (Koffi, Rayner, Norton, Frankenberg, & Scholze, 2015; C. van der Tol, Verhoef, & Rosema, 2009; Verrelst et al., 2015; Y. Zhang et al., 2014; Zhang et al., 2018). In particular, Zhang et al. (2014; 2018) combined SCOPE and satellite observations of SIF with leaf area index (LAI) and other vegetation indices to derive leaf chlorophyll content, and then estimated spatial and temporal variations of Vcmax in crops, which provided the model-based relationships between SIF and Vcmax across different sites.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Despite the potential of using SIF to estimate Vcmax, scaling their relationship from leaf to canopy is complicated. Modeling studies have shown varying sensitivity of SIF to Vcmax, depending on the version of SCOPE (Koffi et al., 2015; Christiaan van der Tol et al., 2016; Verrelst et al., 2015). This discrepancy makes it necessary to understand the true linkage between SIF and Vcmax across multiple spatial scales. A direct evidence of the relationship between SIF and Vcmax is still missing due to a lack of ground measurements of SIF and Vcmax at both leaf and canopy levels. Additionally, due to spatio-temporal limitation of satellite and airborne SIF data, long-term in-situ measurements are crucial to fully understand the underlying link between SIF and Vcmax. 
Changes in the sensitivity of SIF to Vcmax can be due to the different factors influencing the photosynthetic reactions and light & energy transfer process which also control SIF and Vcmax at the leaf and canopy levels (Hikosaka, Kato, & Hirose, 2004; Porcar-Castell et al., 2014). Generally, at leaf level, leaf biochemical traits (e.g., chlorophyll content, or nitrogen content) strongly influence SIF emission. Leaves can also reabsorb SIF, affecting its interpretation as an indicator of the changes in physiological status (Porcar-Castell et al., 2014; Rascher et al., 2015). In addition, leaf SIF signal that contains useful information on photon energy absorption is intrinsically linked to photochemical efficiency and actual electron transport rate (Genty et al., 1989; Gu, Han, Wood, Chang, & Sun, 2019), and is thus related to the functional status of photochemical quenching (PQ) and non-photochemical quenching (NPQ) (Hartmut K Lichtenthaler & Rinderle, 1988). Similarly, leaf Vcmax is also influenced by leaf biochemical traits, as well as temperature (Evans, 1989; Farquhar et al., 1980).
At the canopy level, structural traits (e.g., LAI, leaf inclination distribution function and the escape ratio () of SIF) are important factors that influence the SIF signal observed at canopy level. For example, these structural traits determine the fraction of sunlit versus shaded leaves which influences canopy SIF emission and photosynthesis. Previous studies reported that SIF signal measured at the top of canopy is only a fraction of total emitted SIF from the whole canopy (Dechant et al., 2019; He et al., 2019; Porcar-Castell et al., 2014; Zeng et al., 2019). Leaves at the top of a canopy, which have higher Vcmax than leaves at the bottom of canopy, generally correspond to more SIF emissions (Grayson Badgley, Christopher B Field, & Joseph A Berry, 2017; Frankenberg & Berry, 2018). This will in turn influence the dynamics of Vcmax and SIF relationship from leaf to canopy level. Clearly, there is a need to understand the underlying behavior of the link of SIF and Vcmax at leaf and canopy levels from in situ measurements. 
Here, we present in situ measurements of SIF and Vcmax and aim to investigate seasonal changes of the relation between SIF and Vcmax and its controlling factors from leaf to canopy level. Concurrent field measurements are conducted for SIF and Vcmax at leaf level as well as for canopy SIF during the growing seasons of 2017 and 2018 in a rice paddy field. Specifically, the following questions are addressed: 1) How do the seasonal variations in Vcmax and SIF as well as their relationship over the season vary from leaf to canopy level? 2) What are the driving factors influencing the relationships between leafVcmax and SIF at leaf and canopy levels, respectively? The results will provide insight for using SIF observations to quantify Vcmax in space and time.
2 Materials and methods 
2.1 Study Site 
Field experiments were conducted in a rice paddy field located at the Jurong Observation Station of International Institute for Earth System Sciences (ESSI), Nanjing University (NJU), in Houbai State Farm (31˚48'24.59"N, 119˚13'2.15"E), Zhenjiang City, Jiangsu Province, China. The region is an important rice production area characterized by northern subtropical, semi-humid monsoon climate with an average annual temperature of 15.2˚C (Dai et al., 2019). The details of the climate conditions and the chemical properties of the soil are described in Dai et al. (2019). The main vegetation in the experimental field is rice in summer and pasture in winter during 2017 and 2018. 
2.2 In situ measurements 
2.2.1 Measurements of chlorophyll fluorescence
2.2.1.1 Optical measurements at leaf level 
The measurements of leaf SIF were conducted from tiller stage to maturity stage (DOYs 197~303 in 2017 and DOYs 191~301 in 2018) in the rice field and were taken every 7-10 days depending on the weather conditions and critical period of rice growth. More than 120 fully stretched leaves were selected over the two growing seasons. Three rice plants under the same growing conditions were marked for tracing observation and the leaves of every marked rice plant were selected at three different leaf positions (top, middle, and bottom) in 2017 and at the top of the canopy in 2018. The positions of the selected leaves, top-middle-bottom, correspond to new-adult-old leaves of the whole rice paddy field, respectively. 
Leaf reflectance (), transmittance () and fluorescence emission at both red () and far-red band () were measured on the living rice plants. These measurements were conducted witha FieldSpec Handheld spectrometer (FieldSpec 4 Hi-Res, Analytical Spectral devices (ASD) Inc., Colorado, U.S.A), coupled with a FluoWat leaf clip (Alonso et al., 2007; Van Wittenberghe et al., 2013) during 11:30~13:30 a.m. on the sunny days when all the selected leaves were fully illuminated. In the growing season of 2017, we began to differentiate the new and old leaves when all the leaves were fully expanded from the fourth measuring day (DOY 223 in 2017) and over the first three times, only the expanded rice leaves on the top of the canopy were selected to cover the hole of the FluoWat clip with a 650nm short- pass filter (Edmund Optics Ltd., UK; OD=4). In the growing season of 2018, we only concern about the sunlit leaves on the top of the rice canopy. During every measurement, we waited 10 seconds to remove the influence of the Kautsky effect and for the leaves to adapt to the incoming light to take the records, especially for the leaves at middle and bottom positions (Arndt, 1974; Hartmut K. Lichtenthaler, 1987; Stirbet & Govindjee, 2011).
Leaf absorbed photosynthetically active radiation () was subsequently integrated from the incoming radiation of visible band (400nm-700nm) and was calculated based on the reflectance and transmission as described in Van Wittenberghe et al. (2013). 
	
	Eqn 1


where WRt is the total irradiance arriving to the measured leaf and was calculated according to the reflectance and transmittance of white reference (WR), and the sampling interval of 1nm. Leaf SIF yield at red band () and far-red band () were estimated as (Van Wittenberghe et al., 2013):
	
	Eqn 2


and, 
	
	Eqn 3


2.2.1.2 Leaf active fluorescence measurements
Leaf steady state fluorescence (), light-adapted fluorescence minimum () and maximum (), and dark-adapted fluorescence minimum () and maximum () were measured with a LI-6400XT portable infrared gas analyzer installed with an integrated leaf chamber fluorometer (LCF, 2-cm2 LI-6400-40; LI-COR, Inc., Lincoln, NE, USA) with a 6400-02B LED Light Source. The dark-adapted measurements (PPFD=0 μmol m-2 s-1) were conducted during 23:00~23:30 p.m. or before 4:00 a.m. after the leaves fully dark-adapted. The light-adapted measurements (PPFD=1800~2000 μmol m-2 s-1 according to the environment solar radiation) were conducted in midday around 12:00 p.m. when the leaves were fully illuminated. Based on the measurements above, leaf fluorescence emission efficiency (ε) is calculated (Vilfan et al., 2019) :
	
	Eqn 4


The non-photochemical quenching parameter () was as follow:
	
	Eqn 5


2.2.1.3 Optical measurements at canopy level 
FluoSpec2 system (X. Yang et al., 2018) was installed 8 m above the rice canopy to collect canopy optical signals for SIF at far-red band () and canopy reflectance () retrieval during the whole growing season during 2017 and 2018. The FluoSpec2 system included two spectrometers (X. Yang et al., 2018). One is a QEpro spectrometer embedded with an internal shutter (Ocean Optics, Dunedin, FL, USA) covering wavelengths from 730 to 780 nm with a spectral resolution of 0.15 nm (measured as full width half maximum) for  retrievals ,and another is a HR2000+ spectrometer (HR2000+, Ocean Optics, Dunedin, FL, USA) covering wavelengths from 350 to 1100 nm with a spectral resolution of 1.10 nm to obtain . The system was radiometrically calibrated to estimate the potential signal drift before and after the field measurement.  was retrieved based on iFLD method (Alonso et al., 2007, 2008; Meroni et al., 2009) and then averaged over midday from 11:30 a.m.~13:30 p.m. based on the half hour data of all the sunny days. was also selected during the same time period. Photosynthetically active radiation at canopy level () was measured with three photon sensors (LI-190, LI-COR, Lincoln, NE, USA) at 3 m height. Canopy absorbed photosynthetically active radiation () was calculated by  and  which was the fraction of PAR absorbed by chlorophyll throughout the canopy (Q. Zhang et al., 2014). 
	
	Eqn 6


 was estimated based on the Wide Dynamic Range Vegetation Index (WDRVI) (Gitelson, 2004, 2019) as follows:
	
	Eqn 7

	
	Eqn 8


where a=0.85, b=0.16,  and were the canopy reflectance at 770nm and620nm, respectively. The based on the field measurements of  at different positions inside the rice canopy (Yang et al., 2015) was used as a reference value for the estimated . After iterating  at 0.02 intervals from 0.1 to 0.5, we chose to set =0.22 in this study.
LAI was measured using a LAI-2000 plant canopy analyzer (LI-COR, Lincoln, NE, USA). 
2.2.1.4 Calculation of canopy fluorescence parameters
Canopy SIF yield () was estimated as, 
	
	Eqn 9


SIF observed at top of canopy (, which is  in our study) is only a portion of the total emitted SIF () due to the re-absorption and scattering inside the canopy (Grayson Badgley, Christopher B. Field, & Joseph A. Berry, 2017; He et al., 2019; Porcar-Castell et al., 2014; Zeng et al., 2019). We calculated  of the rice canopy based on the method describes in Zeng et al.(2019) with , canopy near-infrared reflectance (), and . Specially,  was the near-infrared reflectance of vegetation representing the fraction of reflected near-infrared light that originates from vegetation and was reported to effectively eliminate the influence of the canopy structure on the SIF signal. Hence we can derive) as follow steps:
	= /
	Eqn 10

	 = /
	Eqn 11

	
	Eqn 12

	NDVI = ( - )/( + )
	Eqn 13


where  and  were canopy reflectance at near infrared (770~780 nm) and red (650~660 nm) bands, respectively. The total SIF yield at canopy level () was calculated as:
	 = 
	Eqn 14


We also obtained canopy MTCI (MERIS Terrestrial Chlorophyll Index, MERIS is Medium Resolution Imaging Spectrometer) for estimating chlorophyll content at canopy level,
	
	Eqn 15


where R650-660, R770-780 and R704-714 were canopy reflectance at 650~660 nm, 770~780 nm and 704~714 nm (Dash & Curran, 2007).
2.2.2 Measurements of gas exchange and the derivation of Vcmax
Vcmax was derived based on A-Ci curve using the measurements from a LI-6400XT (Farquhar et al., 1980). The CO2 response curves were measured at saturating photosynthetic photon flux density of rice (PPFD=1800 μmol m-2 s-1). The CO2 concentrations of the measurements were chosen as 400, 300, 250, 200, 150, 100, 50, 400, 500, 600, 800, 1000, and 1200 μmol CO2 mol-1 air (Long & Bernacchi, 2003), and this sequence which first lowered and then increased was in order to shorten the response time of the leaf to the change in CO2 (Croft et al., 2017).
Leaf Vcmax () was calculated according to the Farquhar biochemical model of leaf photosynthesis and Microsoft ExcelTM spreadsheet provided in Sharkey et al. (2007). Vcmax values were corrected to the leaf temperature at 25◦C (Farquhar et al., 1980; Sharkey, 2016; Sharkey, Bernacchi, Farquhar, & Singsaas, 2007). All measurements were conducted before 13:30 p.m. (local time) to avoid stomatal depression in the afternoon. ,  and  were defined as the Vcmax of the leaves at top, middle and bottom positions when comparing to the canopy SIF, respectively. 
2.2.3 Measurements of leaf chlorophyll content
Leaf chlorophyll content () of the monitored rice leaves was measured by using chlorophyll meter (SPAD-502, Spectrum Technologies, Aurora, IL, USA) which represented a relative chlorophyll content value (SPAD) during the growing season. We measured extra SPAD of unmonitored leaves near the selected area of different leaf layers, and brought them back to the laboratory for chemical analysis of chlorophyll content with a mixed solvent of acetone and ethanol (Hartmut K Lichtenthaler & Buschmann, 2001) at the same time. Finally, based on these measurements, we obtained an exponential relationship between the chlorophyll content and SPAD of rice leaves (Uddling, Gelang-Alfredsson, Piikki, & Pleijel, 2007). This equation (R2=0.89, p<0.0001; leaf number=143) was used for estimating the leaf chlorophyll content of the tracked leaves as follows: 
	
	Eqn 16


Canopy chlorophyll content (, g m-2 of ground area) was calculated by MTCI as follows (Vuolo, Dash, Curran, Lajas, & Kwiatkowska, 2012): 
	
	Eqn 17


2.2.4 Division of the growth stages
The entire growing season in both 2017 and 2018 lasted about four months, from transplantation in the middle of June [Day of Year (DOY), 185 in 2017 and 191 in 2018] to harvest in late October (DOY, 310 in 2017 and DOY, 310 in 2018). The growth morphology of rice along with the seasonal variations in canopy chlorophyll and LAI for 2017 and 2018 are shown in Fig.1.
We split the growing season into two stages: Stage-I: prior to the flowering period, DOYs 190~250 and Stage-II: the period after flowering, DOYs, 251~310. The flowering period approximately during DOY, 240 to DOY, 250 both in the growing seasons of 2017 and 2018. 
2.3 Statistical analysis
In order to investigate the main factors affecting the shape of the SIF spectra (670~850 nm) at leaf level and its seasonal variation, we performed the SVD (Singular Value Decomposition) analysis to obtain the principle components of leaf spectrum that explain the seasonality of leaf SIF spectra. Principal component analysis (PCA) based on SVD (Magney et al., 2019; Praus, 2005) was conducted for leaf SIF spectra of the top rice leaves during the growing seasons of 2017 and 2018. The averages of the leaf SIF spectra of all measured leaves in each observation were chosen for PCA analysis, from which the principal components (PCs) of the SIF spectrum (670~850nm) were obtained. The average shape (PC1), the changing direction (PC2) and the changing magnitude (PC3) accounted for 76.51%, 16.28% and 2.48%, respectively, with a total of 95.27% of the variance of the leaf SIF spectra. On the basis of the SVD analysis, we determined individual sample weights (), which is a vector equivalent to the product of spectral shapes () and the singular value () of the ith component of the SIF spectra (shown in Fig.2).  (),  () and  (), correspond to the three principle components PC1, PC2 and PC3, respectively. The details were described in Magney et al. (2019).
3 Results
3.1 Seasonal variation of chlorophyll fluorescence from leaf to canopy level
3.1.1 Leaf SIF spectrum at red and far-red band
 Leaf SIF spectra of top leaves showed the similar seasonal trends, rising first and then decreasing during the two growing seasons of 2017 and 2018 (Fig.3).  at both the red and far-red bands showed an increasing trend prior to and during the flowering period and gradually decreased afterwards, and the leaf SIF peak occurred during the flowering period (the red arrows in Fig.3). 
[bookmark: OLE_LINK41][bookmark: OLE_LINK40][bookmark: OLE_LINK10]To further determine the seasonal trends of  and  in the top layer of sunlit leaves, we analyzed the distribution of  and  to find the time period when the  and  seasonal peaks appear. Fig.4 showed that the maxima of SIF and  occurred around the flowering period (DOYs, 240~250). The both  (Fig.4a, b) and  (Fig.4c, d) at far-red bands around the flowering were obviously higher than those of other growth stages (Fig.4a, b) in both 2017 and 2018, especially in 2017. The changes of  spectrum throughout the growing season were non-continuous (Fig.3; Fig.4a, b). The peaks of the SIF spectra, especially at red band, fluctuated greatly before flowering period (Fig.3; Fig.4a, b). 
The averaged  and  spectra of the red and far-red band were shown in Fig.5, in order to compare the difference of the  spectrum (670~850nm) among different growth stages. The peaks of  and  spectra appeared at 687 nm and 740 nm, respectively, and the maxima of SIF and  occurred in the reproductive stage, followed by vegetative and ripening stages (Fig.5a, b). The seasonal peaks of , especially at the red band, were very close in the vegetative and reproductive stages and were larger than  in the ripening stage (Fig.5b). When the flowering stage was used as the boundary to distinguish the growth stage of rice,  and  covering the main SIF band (670~850 nm) showed significant differences between Stage-I and Stage-II (Fig.5c, d). Thus, it was reasonable to analyze the stage-average  and  by using the flowering period as the boundary. 
3.1.2 Leaf SIFy, Cab and Vcmax at three different leaf layers
Fig. 6 showed seasonal variations in  spectra,  and  in the leaves selected for analysis representing different canopy layers and ages. The seasonal variations of  across the wavelengths of 670~850 nm observed in sunny days vary with canopy layers. The red and far-red  peaks of top leaves increased first before the flowering period, reached the seasonal maximum around the flowering and then decreased until the end of the growing season (Fig.6a).  spectra continuously increased first and then decreased during the whole growing season with less fluctuation which was different from the variation of SIF spectra shown in Fig.3. Compared to the leaves of top layers,  at middle and bottom layers fluctuated more sharply, especially at red band (Fig.6c and 6e). After the flowering, the red band  increases at bottom layer and decreases at top layer. 
 of the three different layers varied greatly (Fig.6 b, d, f). Generally,  increased first and then decreased. The sequence of  peaks was bottom, middle and top layer (Fig.6 b, d, f). The bottom leaves senesced earlier due to leaf  decreasing earlier, and more rapidly than the middle and top leaves.  stayed high before the flowering period and then decreased in all the three leaf layers (Fig.6 b, d, f). The seasonal relationships between  and  were also related to the maturity of the leaves (Top: R2=0.10, p<0.05; Middle: R2=0.36, p<0.05; Bottom: R2=0.58, p<0.01), with older the leaves having stronger the - relationship (Fig.6 b, d, f).
3.1.3 The seasonal similarity of chlorophyll fluorescence from leaf to canopy level
The rice canopy showed pronounced seasonal variations of active (Fs) and passive (SIF and SIF yield) chlorophyll fluorescence at both leaf and canopy levels (Fig.7).  broadly followed the seasonal trend of  in 2017 and 2018 (Fig.7a and 7b), increasing at the beginning of Stage-I, gradually reaching the seasonal peak (about 2.5 mW m-2 sr-1 nm-1) around the flowering period (DOYs 240-250, in both 2017 and 2018) and then decreasing in Stage-II. In Stage-I,  in 2018 was larger than that in 2017, and the corresponding  was also larger in 2018 than in 2017. However, after the flowering period, although the  in 2018 was larger than in 2017,  of the two years were very close to each other. This indicates that the dominance of effects of  on  may mainly exist in Stage-I. Similar seasonal variation was observed for leaf SIF over the whole growing season.  was much larger than  around the flowering period, especially in 2017 (Fig.7b). The seasonal variation of  tended to be U-shaped, with larger values at the beginning and end of the growing seasons of 2017 and 2018 and smaller values during the middle period (Fig.7c). On the other hand, the seasonal trends of  and Fs/Fo were similarly increasing first and decreasing after flowering (Fig.7d).
Obvious consistency existed between  and  (Entire, R2=0.39, p<0.05, Fig.7b), especially in Stage-II (R2=0.66, p<0.01, Fig.7b).  and Fs are significantly correlated throughout the growing season (R2=0.39, p<0.05, Fig.7d), especially in Stage-II (R2=0.64, p<0.01, Fig.7d). These results indicated that the trends of chlorophyll fluorescence were consistent at both leaf and canopy levels, and a significant agreement between active and passive fluorescence existed at leaf level.
3.2 The seasonal relationships between leaf Vcmax and chlorophyll fluorescence at both leaf and canopy levels
3.2.1 Leaf level
The active and passive chlorophyll fluorescence parameters were significantly related to Vcmax throughout the growing seasons in 2017 and 2018, especially in Stage-II (Fig. 8). Over the whole growing season in both 2017 and 2018, the determination coefficients (R2) of the -relationship (R2=0.32, p<0.01, Fig.8a) and - relationship (R2=0.33, p<0.01, Fig.8b) were very close to each other. However,  showed a stronger relationship with  (R2=0.63, p<0.01, Fig.8d) than  (R2=0.52, p<0.01, Fig.8c). Fs/Fo was significantly related to  (R2=0.81, p<0.01, Fig.8e) which was similar to that of -Vcmax (R2=0.82, p<0.01, Fig.8d) in Stage-II. The product of Fs/Fo and  was also significantly related to  in Stage-II (R2=0.30, p<0.05, Fig.8f). SIFy (Fig.8c, d) represented  better than SIF (Fig.8a, b). For different spectrum bands, the seasonal relationship of -was stronger than that of - (Fig.8b). 
The non-linear relationships between the leaf SIF ratio (SIF687/SIF760) and both leaf Cab and Vcmax of three different leaf layers were shown in Fig.9. Generally, the SIF ratios were strongly related to and , and decreased as they increased. The SIF ratio values were generally larger than 1 and quickly reached an asymptotic value (SIF ratio≈1). The larger the , the smaller the SIF ratio (Fig.9a). The strong relationship between SIF ratio and  showed that the stronger the photosynthetic capacity of leaves, the stronger the re-absorption of red SIF by the leaves (Fig.9b). 
To investigate factors affecting the relationships between chlorophyll fluorescence and Vcmax at leaf level, we analyzed the connections between the three principal components of leaf SIF spectra based on the SVD analysis and both leaf biochemical parameters (,, and ) and leaf Vcmax (Table.1 and Fig.10). 
The three principle components (PC1, PC2, PC3) of leaf SIF spectrum were significantly affected by ,, and , respectively (Fig.10 and Table.1). In Stage-II,  was significantly related with shape, changing direction and magnitude of leaf SIF spectra, respectively ( PC1: R2=0.48, p<0.01, PC2: R2=0.63, p<0.01, PC3: R2=0.74, p<0.01, Fig.10a-c).  directly influenced the average shape (PC1) of the  spectra during the whole growing season in both stage-I and stage-II (Stage-I: R2=0.88, p<0.01, Stage-II: R2=0.34, p<0.05, Entire: R2=0.76, p<0.01, Table.1). The increase or decrease (PC2) of the  spectra was mainly determined by  not only during the whole growing season but also in both Stage-I and Stage-II (Stage-I: R2=0.47, p<0.01, Stage-II: R2=0.88, p<0.01, Entire: R2=0.63, p<0.01, Table.1).  influenced the changing magnitude (PC3) of the leaf SIF spectrum was significant only during the whole growing season (Entire: R2=0.42, p<0.01, Table.1).
3.2.2 Canopy level
[bookmark: OLE_LINK34]Fig.11 displayed the scatter plots between leaf Vcmax at three different leaf layers and both  and  during the growing seasons of 2017 and 2018 to analysis the indication of leaf Vcmax to canopy chlorophyll fluorescence. In general, - relationships were more significant than - relationships among all the three different leaf layers. The - relationship was positive during the whole growing season (Fig.11a). In contrast, the - relationships were negative and significant during the whole growing season in 2017. Leaf Vcmax at middle layer showed a better indication of canopy SIF and SIF yield than top and bottom layers.
We also analyzed the relationships between  (or ) with  of the top leaves to investigate the effects of canopy structure on their relationships. During the whole growing season of both 2017 and 2018,  and  both showed pronounced relationships with , and the - relationship was better (R2=0.65, p<0.01, Fig.12b) than - (R2=0.43, p<0.01, Fig.12a). In addition, the relationships of - and - were both better in Stage-II than in Stage-I (Fig.12a-b). 
We removed the effects of canopy structure on canopy chlorophyll fluorescence by estimating .  exhibited a stronger relationship with  in Stage-II (R2=0.78, p<0.01, Fig.12c) than - (R2=0.70, p<0.01, Fig.12a) in Stage-II.  did not improve the relationships between canopy SIF yield and leaf Vcmax, however, - relationship was still significant (R2=0.46, p<0.01, Fig.12d) and better than - relationship (R2=0.42, p<0.01, Fig.12d) during the whole growing season. 
4 Discussion
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In this work, we obtained chlorophyll fluorescence and photosynthetic capacity data based on the measurements from leaf to canopy level of rice during the growing seasons of 2017 and 2018. The seasonal variations and relationships between SIF and Vcmax are different from leaf to canopy level. The influencing factors include the environmental factors such as solar radiation, the physiological characteristics of vegetation such as leaf chlorophyll content and the structural characteristics of canopy including LAI and . We found that the appropriate division of growth stages is of great significance for studying the correlation between SIF and Vcmax. Differentiating the flowering period is necessary for studying the link between chlorophyll fluorescence and photosynthesis of crops.
Based on the results obtained, we obtained a schematic diagram of the seasonal variations in SIF and Vcmax of the mechanism analysis at both leaf and canopy levels (Fig.13). The influencing factors affect the seasonality and seasonal relationships of SIF and Vcmax mainly include the leaf physiology, canopy structure and phenology (growth stages). 
4.1 Seasonal variations of SIF and Vcmax from leaf to canopy level 
4.1.1 The seasonality of SIF and Vcmax from leaf to canopy
In this study, leaf and canopy SIF of rice ranged from 0.4 mW m-2 sr-1 nm-1 to 2.5 mW m-2 sr-1 nm-1 bracketing the range for C3 plants (Liu, Guan, & Liu, 2017; Van Wittenberghe, Alonso, Verrelst, Moreno, & Samson, 2015). The obvious declining trend of SIF at both leaf and canopy levels after the flowering period was consistent with previous studies in crops (L. Liu et al., 2018; Miao et al., 2018; K. Yang et al., 2018). However, before the flowering period, the changes in leaf and canopy SIF was mainly caused by changes in leaf biochemical properties and the changing structure of rice canopy represented by LAI. Few earlier studies reported these results. The seasonal trend in sync with  and  was similar to previous studies (Miao et al., 2018; Yang et al., 2015), confirming that no significant changes in  occur throughout the growing season. The increasing magnitude of  was larger than  around the middle of the growing season, which causes  to be lower in the middle of the growing season (Fig.6e, 6f). 
The range of  is 20~135 μmol m-2 s-1 with the starting time when LAI was around 1.8, similar to previous studies for rice (K. Yang et al., 2018) and other C3 plants (Covshoff et al., 2016; Croft et al., 2017; Das & Baruah, 2008; Huang, Jiang, Yang, Sun, & Jin, 2004). In our study, during the vigorous vegetative growth stage before the flowering period,  increased slightly from the beginning of field measurements (LAI>2) and remained at a relatively high level, and  at top layer is larger than which at middle and bottom. 
4.1.2 The possible influencing factors of the seasonality of SIF at both leaf and canopy levels and leaf Vcmax
The seasonality of SIF at both leaf and canopy levels and leaf Vcmax changed greatly during the flowering period, mainly affected by leaf energy transfer and leaf pigments, specifically leaf aPAR, NPQ and Cab (Fig.13). In addition to these factors at the leaf level, canopy structure ( and LAI) is another important factor influencing the relationships between canopy SIF and leaf Vcmax. These factors worked in synergistically rather than in isolation for the dynamic process in the seasonal variation of SIF and Vcmax. 
Leaf aPAR is the energy used for photosynthesis process, which directly affects the emission of SIF. Therefore, the seasonal variation of aPAR directly influences the seasonal variation of SIF and Vcmax. There are differences in the seasonal variations of SIF, Vcmax and Cab as well as their correlations among the leaves at three different layers (Fig. 6, 8). Due to their different positions within the canopy, these leaves receive varying levels of illumination and do not synchronize growth stages. The top leaves under full illumination can have more opportunities to absorb light energy than the bottom ones which were blocked by leaves above. Excessive or too little light energy can inhibit the photosynthesis process. Under strong light conditions, too much energy absorbed by leaves will cause the increase in heat dissipation and NPQ which is a photoprotection mechanism (Müller, Li, & Niyogi, 2001; Porcar-Castell et al., 2014). In addition, the stronger the light, the higher the temperature of the environment under normal circumstances. Leaf Vcmax is affected by the temperature greatly, so it should be normalized to 25 ℃ when analysis (Baldocchi, Wilson, & Gu, 2002; Bernacchi, Pimentel, & Long, 2003; S.P.Long & C.J.Bernachhi, 2003). However, the effect of temperature on chlorophyll fluorescence is not clear yet. Leaf biochemical properties such as Cab influence the dynamics of leaf SIF and are also closely related to the seasonal variation of Vcmax. 
The probability of SIF to escape from canopy depends on the canopy structure. After the flowering period, rice gradually grows into the ripening stage, the canopy structure is stable and both leaf aPAR and leaf pigment gradually decrease, therefore, SIF at both leaf and canopy levels and leaf Vcmax decrease simultaneously. Previous studies have shown that physiological and biochemical properties (pigment content, enzyme activity, etc.) of leaves in different growth stages of rice are likely to affect the relationships between SIF and photosynthesis throughout the growing season (Koffi et al., 2015; Walker et al., 2017). Therefore, the factors affecting the spectrum shape and dynamics of the leaf SIF spectrum also affect the seasonality of leaf Vcmax. For the above reasons, the seasonal SIF-Vcmax relationships vary with the growth stage.
4.2 The possible factors influencing the seasonal correlations between SIF at both leaf and canopy levels and leaf Vcmax
Our results demonstrate that the relationships between SIF and Vcmax are significant, however, the relationships are quite different from leaf to canopy level and vary with growth stage. This difference is mainly caused by (1) neither SIF nor SIFy at both leaf and canopy levels are significantly related with leaf Vcmax before and during the flowering; (2) SIFy is more significantly related with Vcmax than SIF at  top leaf layer after the flowering period; (3) SIFy is a better indicator for top leaf Vcmax than SIF during the whole growing season at both leaf and canopy levels. Because of the different seasonal variations in SIF and Vcmax, their relationship is dynamic and varies with spatial and temporal scales. Therefore, the factors affecting the seasonal trends of SIF and Vcmax also affect their seasonal relationships.
4.2.1 Leaf level
At the leaf level, leaf aPAR and pigment content have significant effects on the seasonal variation of leaf SIF and Vcmax (Zadoks., Chang., & Konzak., 1974), and these factors further influence the leaf SIF-Vcmax relationships. These influencing factors need to be considered when studying SIF-Vcmax relationships across spatial and time scales. Furthermore, the positive relationship between leaf Vcmax and pigment content or nutrients of the leaves has been widely confirmed (Croft et al., 2017; Niinemets & Sack, 2006; Vilfan et al., 2019; J. Yang et al., 2018). However, the relationships between leaf SIF and leaf biochemical properties based on field measurements have only been reported in few studies (Magney et al., 2019; Van Wittenberghe et al., 2015). During the growing season of rice, solar radiation is sufficient, especially in the top layer of rice canopy, and  is not a limiting factor to photosynthesis. The active photosynthesis process gradually enhances with the leaves storing more energy, which in turn promotes the development of organelles inside the leaves. The growth of leaf chloroplasts makes the  to increase. The increase in has positive effects on photosynthesis and SIF emission, leading to an increase in SIF and Vcmax (Frankenberg & Berry, 2018; X. Liu et al., 2018; Porcar-Castell et al., 2014). Before the flowering period, leaf biochemical parameters influence SIF and Vcmax in a different way, resulting in no significant relationships between SIF and Vcmax. After the flowering period, as rice matures,  decreases gradually and leaf photosynthesis becomes weaker. SIF and Vcmax decrease simultaneously, and are moderately influenced by leaf biochemical parameters and leaf aPAR. In this stage, SIF is significantly related to Vcmax. In addition, we find that SIFy shows better correlations with Vcmax than SIF at the leaf level because the SIFy is more directly related to photosynthetic capacity and is slightly affected by the light absorbed by the leaves (Gu et al., 2019). Hence, SIFy can better and more directly represent the characteristics of leaf Vcmax than SIF. Besides, we analyzed the relationships between leaf NPQ and leaf SIF (SIF yield) and Vcmax (Fig.14 e-l), and all the relationships showed positive in Stage-I and negative in Stage-II. These differences indicate that the seasonal variation of non-photochemical quenching has a significant effect on the seasonality of SIF and Vcmax, and the leaf SIF-Vcmax relationship. 
4.2.2 Canopy level
The factor affecting the seasonal variation of canopy SIF and leaf Vcmax is canopy structure manifested by the  and changing LAI. SIF observed at the top of canopy is only a fraction of total emitted SIF from the whole canopy (Damm et al., 2015; Porcar-Castell et al., 2014), and the fraction varies with canopy structure. Leaf Vcmax at middle layer shows a better indication of canopy SIF and SIF yield than top and bottom layers, mainly because the leaves in the middle of the rice canopy are all matured leaves. In addition, these leaves are not totally covered by the top leaves. We selected top leaves to compare the leaf Vcmax and canopy fluorescence to study the influence of the canopy structure on the relationship between them because the fluorescence signals emitted by top leaves can better reflect the seasonal variation of canopy chlorophyll fluorescence. 
The relationship between leaf Vcmax and chlorophyll fluorescence parameters at both leaf and canopy levels with or without the effects of canopy structure all showed that leaf Vcmax has a better relationship with SIF yield during the whole growing season, especially in Stage-II. Specifically, leaf Vcmax has a positive relationship with leaf SIF, SIF yield and canopy SIF, while a negative relationship with canopy SIF yield. This difference between the relationship of leaf and canopy levels is mainly caused by canopy structure. In addition, we also found that leaf NPQ and canopy SIF or SIF yield were both showed different relationships in Stage-I and Stage-II (Fig.14 a-d). The canopy structure and growing stages also affect the process of NPQ which influencing the relationships between leaf Vcmax and canopy chlorophyll fluorescence.
[bookmark: OLE_LINK11] At the leaf level, there is a positive relationship between the leaf Vcmax and leaf SIFy. However, at the canopy level, the SIFy gradually increases as the leaf Vcmax decreases, which is a negative interaction. The effects of the canopy structure on the relationships of canopy SIF and leaf Vcmax may be partially eliminated by calculating . After eliminating the effects of canopy structure, the relationships between  and  improve during the whole growing season, especially after the flowering period. That is, when the rice canopy is completely closed, eliminating the influence of canopy structure can significantly improve the relationship between canopy SIF on leaf Vcmax. 
4.3 Implications of the different relationships between SIF and Vcmax from leaf to canopy level
The model-based simulation results of Zhang et al. (2014; 2018) show that correlations between SIF and the GPP of an ecosystem may be associated with the relationship of SIF-Vcmax. However, the model-based methods mostly rely on theoretical and empirical parameters, and the results tend to reflect ideal conditions which are not common in the field. Our research is based on field measurements during the whole growing season in rice and could directly reflect the link between SIF and leaf Vcmax from leaf to canopy level. Our results appear to verify the conclusion of Zhang et al. (2014; 2018) to some extent through field measurements; that is, there are certain seasonally varying relationships of SIF-Vcmax. We also reveal the intrinsic relationship and potential advantages of SIF in estimating Vcmax and provide the theoretical basis. Our results also offer support for estimating Vcmax from SIF at regional and global scales. Importantly, we find that the correlation between SIF and Vcmax vary with growth stages. Therefore, different SIF-Vcmax relationships for each growth stage should be considered when simulating the photosynthesis of ecosystem with SIF-based models. 
Furthermore, the SIF-Vcmax relationship found in our study also differs from leaf to canopy level. SIFy can characterize the seasonal changes of Vcmax better than SIF at both leaf and canopy levels. The combined effects of biochemical properties and canopy structure influence the seasonal variations of SIF and Vcmax, and their relationships at leaf and canopy levels. Therefore, these factors should also be considered when estimating Vcmax from SIF. Note that our study is limited to the field measurements at a single site of rice paddy. Results based on a single site can reveal differences in the SIF-Vcmax relationships among different growth stages or from leaf to canopy level. However, our results represent only the characteristics of C3 crops, therefore further validation is needed for C4 crops. 
5 Conclusions
The SIF-Vcmax relationship is useful in the estimation of spatial and temporal variations in GPP. In this study, we assessed the co-variations of chlorophyll fluorescence and Vcmax from leaf to canopy levels based on measurements in a rice field over the growing seasons of 2017 and 2018. 
The seasonal variations in leaf SIF and canopy SIF, Fs/Fo and leaf SIFy tend to be consistent during the whole growing season, especially after the flowering period. Generally, SIF-Vcmax and SIFy-Vcmax relationships are significant during the whole growing season, and vary with growth stage but become stronger after flowering. Compared with SIF, SIFy can better indicate the seasonal variations of Vcmax at both leaf and canopy levels. The factors influencing the seasonality of leaf Vcmax and SIF at both leaf and canopy levels as well as their relationships include leaf aPAR, NPQ, and Cab, canopy structure (LAI, ) and growing stages. Our observation-based results provide evidence that remotely sensed SIF data can be used to track the seasonal variations in Vcmax at the leaf and canopy levels, and also indicate that the influences of dynamic vegetation biochemical properties on SIF and Vcmax should be considered for future studies when using SIF to estimate photosynthesis. 
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Figure and table legends
Fig.1 Division of rice growth stages. Seasonal variations of canopy chlorophyll content, LAI and phenology of paddy-rice field of the year 2017 and 2018.
Fig.2 Three principal components scaled by corresponding singular value (spectral weights) ,  and , explaining 76.51%, 16.28% and 2.48% of variability in leaf SIF spectrum (670-850nm), respectively.
Fig.3 The seasonal variation of leaf spectrum covering red and far-red SIF at leaf level during two continuous growing seasons of 2017 and 2018.
Fig.4 The distribution of leaf SIF and SIF yield peaks during the growing seasons of 2017 and 2018.
Fig.5 The stage-averaged leaf SIF and SIFy across the wavelength of 670~850 nm.
Fig.6 The seasonality of leaf SIF yield, Cab and Vcmax of three different leaf layers within rice canopy during the growing season of 2017.
Fig.7 Seasonal variations of chlorophyll fluorescence at leaf and canopy levels with canopy aPAR during the growing seasons of 2017 and 2018.
Fig.8 Non-linear relationships between chlorophyll fluorescence parameters and Vcmax at the leaf level.
Fig.9 Non-liner Relationships between SIF ratio (SIFL687/ SIFL 760) and  or .
Fig.10 Non-linear relationships between spectral loadings of principle components () and leaf Vcmax.
Fig.11 Non-linear relationships between chlorophyll fluorescence parameters and Vcmax at top, middle and bottom leaf layers in 2017.
Fig.12 Non-linear relationships between canopy chlorophyll fluorescence or its total emission and leaf Vcmax in top layer.
Fig.13 Overview of the influencing factors for SIF (leaf and canopy levels) and leaf Vcmax with their relationships throughout the growing season.
Table.1 Comparation for the significance of relationships between principle components () and leaf energy and physiological parameters (aPAR, Cab, NPQ) between Stage-I and Stage-II.
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Fig.1 Division of rice growth stages. Seasonal variations of canopy chlorophyll content, LAI and phenology of paddy-rice field of the year 2017 (a) and 2018 (b). The end of flowering period (approximately DOY 250) in both 2017 and 2018 is used as the division of the two growth stages.
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Fig.2 Three principal components scaled by corresponding singular value (spectral weights) ,  and  are shown in (a), (b) and (c), explaining 76.51%, 16.28% and 2.48% of variability in leaf SIF spectrum (670-850nm), respectively. The linear and non-linear correlations between fluorescence, photosynthesis and leaf biochemical parameters were also analyzed. The relevant statistical coefficients were calculated using SPSS 19 (Statistic Product and Service Solution IBM, Armonk, NY, USA). The comparative performance was evaluated by the coefficient of determination (R2) and p-value for the significance.
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Fig.3 The seasonal variation of leaf spectrum covering red and far-red SIF at leaf level during two continuous growing seasons of 2017 and 2018. The red arrows indicate the rise or fall trends of the spectral value. The leaves were selected at the top layer of rice canopy. Leaf SIF spectrum were measured by ASD with FluoWat leaf clip (650nm) in the rice growing seasons of 2017 and 2018.
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Fig.4 The distribution of leaf SIF (a, b) and SIF yield (c, d) peaks during the growing seasons of 2017 and 2018. Flowering period is during DOYs 240~250. The leaves were selected at the top layer of the rice canopy. Leaf SIF spectrum (670~850 nm) were measured by ASD with FluoWat leaf clip (650nm).

[image: ]
Fig.5 The stage-averaged leaf SIF and SIFy across the wavelength of 670~850 nm. The growing season is divided into three growth stages (a, b): Vegetative, Reproductive and Ripening; and divided into two growth stages (c, d): Stage-I (flowering period and before) and Stage-II (after flowering period). The leaves were selected at the top layer of rice canopy. Leaf SIF spectrum was measured by ASD with FluoWat leaf clip (650nm) during the growing seasons of 2017 and 2018. The shading in the figures represents 1/3 standard deviation.
[image: F:\00 paper writing_ORNL\SIF_VC_nju\NJU01_SIF_VC_leaf_Gu\paper01_added data\02 Papers for writing1031\补充数据和图\3D\0405\1215\3d2_1215.tif]
Fig.6 The seasonality of leaf SIF yield (a, c, e), Cab and Vcmax (b, d, f) of three different leaf layers within rice canopy during the growing season of 2017. Leaf SIF yield (670~850 nm) measured by ASD with FluoWat leaf clip (650 nm). Rice leaves are selected at three different leaf layers, shown by different color bars (Top, Middle, and Bottom, representing the new, adult and old leaves, respectively). Black dots represent Cab, and histogram represents Vcmax. Linear regression between the paired variables is applied and the statistically significant relationships are labeled (‘*’, p<0.05 or ‘**’, p<0.01).
[image: ]
Fig.7 Seasonal variations of chlorophyll fluorescence at leaf and canopy levels with canopy aPAR during the growing seasons of 2017 and 2018. (a) ; (b) and  ;(c)  and  and (d) , standard Fs (Fs/Fo). Data at canopy level are the daily average measurements during 11:30~13:30 p.m.. Linear regression between the paired variables is applied and the statistically significant relationship is labeled (‘*’, p<0.05 or ‘**’, p<0.01).
[image: ]
Fig.8 Non-linear relationships between chlorophyll fluorescence parameters and Vcmax at the leaf level. (a) for  and ; (b) for  and ; (c) for  and ; (d) for  and ; (e) for  and Fs/Fo; (f) for  and Fs/Fo*. The leaves for analysis are selected at the top layer during the 2017 and 2018 growing season of rice and upward leaf-SIF is selected at far-red band (760nm) consistent with canopy SIF measurements. The red solid points, blue hollow points and black solid line represents Stage-I (flowering period and before); Stage-II (after flowering period) and the entire growing season, respectively. Non-linear regression between the paired variables is applied and the statistically significant relationship is labeled (‘*’, p<0.05 or ‘**’, p<0.01). The black dashed line and gray shaded is 95% conﬁdence intervals.
[image: F:\00 paper writing_ORNL\SIF_VC_nju\NJU01_SIF_VC_leaf_Gu\paper01_added data\new data_191127\SIFratio_cabvc_1213.tif]
Fig.9 Non-liner Relationships between SIF ratio (SIFL687/ SIFL 760) and (a) ; (b) . The leaves for analysis are selected at the top, middle and bottom layers during the growing season of rice in 2017. Non-linear regression between the paired variables is applied and the statistically significant relationship is labeled ( ‘**’, p<0.01). The black dashed line and gray shaded is 95% conﬁdence intervals.
[image: F:\00 paper writing_ORNL\SIF_VC_nju\NJU01_SIF_VC_leaf_Gu\paper01_added data\new data_191127\Copy_of_leafSIF_vc_svd1213.tif]
Fig.10 Non-linear relationships between spectral loadings of principle components () and leaf Vcmax. (a-c) for  and principle components of SIF spectra (PC1, PC2, and PC3). The average shape, increase or decrease, and changing magnitude are defined as PC1, PC2, and PC3 carried by the leaf SIF spectrum, respectively. The leaves for analysis are selected at the top layer during the 2017 and 2018 growing season of rice. The red solid points, blue hollow points and black solid line represents Stage-I (flowering period and before); Stage-II (after flowering period) and the entire growing season, respectively. Black ‘*’ indicates p<0.05 and ‘**’ indicates p<0.01. The coefficient of determination (R2) is of the entire growing season which including Stage-I and Stage-II. 
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Fig.11 Non-linear relationships between chlorophyll fluorescence parameters and Vcmax at top, middle and bottom leaf layers in 2017. (a) for  and ; (b) for  and  (c) for  and ; (d) for  and ; (e) for  and ; (f) for  and . Rice leaves are selected at different leaf layers, shown by different color bars (Top, Middle, and Bottom, representing the new, middle and old leaves, respectively). Linear regression between the paired variables is applied and the statistically significant relationships are labeled (‘*’, p<0.05 or ‘**’, p<0.01). Non-linear regression between the paired variables is applied and the statistically significant relationship is labeled (‘*’, p<0.05 or ‘**’, p<0.01). The black dashed line and gray shaded is 95% conﬁdence intervals.

[image: F:\00 paper writing_ORNL\SIF_VC_nju\NJU01_SIF_VC_leaf_Gu\paper01_added data\new data_191127\Copy_of_leafVc_CanopySIF_y_top17181130.tif]
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Fig.12 Non-linear relationships between canopy chlorophyll fluorescence or its total emission and leaf Vcmax in top layer. (a) for  and ; (b) for  and ; (c) for  and ; (d) for  and . The red solid points, blue hollow points and black solid line represents Stage-I (flowering period and before); Stage-II (after flowering period) and the entire growing seasons of 2017 and 2018, respectively. Non-linear regression between the paired variables is applied and the statistically significant relationship is labeled ( ‘**’, p<0.01). The black dashed line and gray shaded area represent 95% conﬁdence intervals.



Fig.13 Overview of the influencing factors for SIF (leaf and canopy levels) and leaf Vcmax with their relationships throughout the growing season. The arrows in figure indicate the direction of interaction.
[bookmark: _GoBack][image: F:\00 paper writing_ORNL\SIF_VC_nju\NJU01_SIF_VC_leaf_Gu\paper01_added data\new data_191127\NPQ_i_ii.tif]
Fig.14 Non-linear relationships between leaf NPQ and chlorophyll fluorescence at both leaf and canopy, leaf Vcmax and Cab, respectivelly. (a-b) for  and NPQ; (c-d) for  and NPQ; (e-f) for  and NPQ; (g-h) for  and NPQ; (i-j) for  and NPQ ; (k-l) Cab and NPQ. The red solid points and blue hollow points represent Stage-I (flowering period and before); Stage-II (after flowering period) during the seasons of 2017 and 2018, respectively. Non-linear regression between the paired variables is applied and the statistically significant relationship is labeled ( ‘**’, p<0.01). The black solid line is the fitting line. The black dashed line and gray shaded area represent 95% conﬁdence intervals.


Table.1 Comparation for the significance of relationships between principle components () and leaf energy and physiological parameters (aPAR, Cab, NPQ) between Stage-I and Stage-II. The average shape, increase or decrease, and changing magnitude are defined as PC1, PC2, and PC3 carried by the leaf SIF spectrum, respectively. The leaves for analysis are selected at the top layer during the 2017 and 2018 growing season of rice. The coefficient of determinations (R2) and p-values (Black ‘*’ indicates p<0.05 and ‘**’ indicates p<0.01).
	
	Stage-I
	Stage-II
	Entire
	
	

	
	aPAR
	Cab
	NPQ
	aPAR
	Cab
	NPQ
	aPAR
	Cab
	NPQ

	
	0.88**
	0.03
	0.70**
	0.34*
	0.63**
	0.41**
	0.76**
	--
	--

	
	0.15
	0.47*
	0.01
	0.09
	0.88**
	0.15
	--
	0.63**
	--

	
	0.01
	0.07
	0.05
	0.04
	0.88**
	0.30
	--
	--
	0.42**
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